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GENERAL INTRODUCTION 
Mycoplasma hvopneumoniae is the etiologic agent of mycoplasmal pneumonia of 
swine (enzootic pneumonia), a disease which affects swine throughout the world (1,2). 
Losses associated with mycoplasmal pneumonia include decreased growth rate of pigs and 
depressed feed conversion. Pointon et al (3) found a reduction of 12.7% in the growth rate 
of diseased pigs compared to non infected pigs, whereas feed conversion was reduced by 
13.8%. A study conducted in 1985 (4) revealed that rhinitis and pneumonia cost the 
swine industry 203 million dollars annually. This study also revealed that slaughter pigs 
from 99% of 337 herds from 13 states had lesions of pneumonia. Although not all the 
types of pneumonia detected at slaughter are induced by M- hvopneumoniae. a high 
proportion of pneumonic lungs had cultivable M- hvopneumoniae (5) and 60% of herds 
tested from the state of Iowa had antibodies against the organism (6). The sum of evidence 
indicates that a high proportion of pneumonia seen at slaughter is induced at least in part 
by M. hvopneumoniae. 
Attempts to prevent, treat, or control mycoplasmal pneumonia by antibiotic 
therapy and immunoprophylaxis have had limited success. So far, the most definitive way 
to eliminate the disease is to depopulate the infected herd and to repopulate with swine free 
of M. hyopneumoniae. Although effective, these procedures are not always economically 
feasible for producers. Besides, the probability of reinfection is almost 100%, if the 
herds are not meticulously managed and controlled. Often, breakdowns occur a short time 
after repopulation. 
Mechanisms involved in development of pneumonia and specific factors responsible 
for virulence in M- hvopneumoniae are not well understood. A better understanding of 
these factors might lead to development of innovative ways for controlling the disease. 
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either immunologically, therapeutically, or both. In the present investigations, we have 
attempted to elucidate aspects of the interaction between M- hyopneumoniae and host 
tissues. A better knowledge of the processes and components involved in attachment of the 
organisms to host tissues will potentially allow development of chemical substances suited 
for interrupting attachment or even growth of the organisms, in vivo. If the specific 
attachment factors are identified and proved to be immunogenic, it is possible that vaccines 
could be developed which would induce antibodies aimed at preventing attachment of the 
organism to host tissues. In order to attain these goals, a better insight into the nature of 
adhesion is needed. This implies that we also need to better understand the surface of the 
mycoplasma, particularly its glycocalyx. Adherence, although important for colonization, 
is not perhaps a virulence factor per se, and additional virulence attributes undoubtely 
need to be investigated. Several different virulence aspects or factors need to be 
considered, and one or more of them could present a potential target for improved 
strategies of prevention or therapy. 
We have adopted the following strategy for carrying out these investigations. First, 
mechanisms utilized by M- hvopneumoniae for attachment to the swine respiratory tissues 
were investigated. A modification of the technique previously used for evaluation of 
adherence of Bordetella pertussis to human tracheal cells was used (7). Several factors, 
such as influence of antibodies against M- hyopneumoniae. treatment of the organism with 
trypsin, periodate, formaldehyde, sugars, and sulfur-containing substances were 
evaluated in order to determine the nature of putative adhesins and receptors of the 
organism and target host cells, respectively. Second, the hydrophobicity of the surface of 
M. hvopneumoniae as well as components of the glycocalyx were studied in order to acquire 
additional knowledgmént of the composition of the microbial surface. Third, limited 
phenotypic traits which could relate to surface characteristics of M- hyopneumoniae were 
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studied in relation to expression of virulence by two different passage levels of strain 232 
FA1 of the organism. 
Explanation of Dissertation Format 
The alternate format has been used for this dissertation, which includes three 
manuscripts, written in the style of the American Journal of Veterinary Research. The 
investigations were planned and executed, and the manuscripts written, primarily by the 
Ph.D. candidate, Gustavo C. Zielinski, with the advice of the major professor. Dr. Richard 
F. Ross. 
A literature review precedes the first manuscript, and a general discussion follows 
the last manuscript. Literature cited in a manuscript follows the manuscript, while 
literature cited in the general introduction, literature review, and general discussion, is 
listed in an additional section which follows the general discussion. 
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LITERATURE REVIEW 
Mycoplasma hvopneumoniae colonizes the tracheo-bronchial mucosa of the 
respiratory tract of pigs causing mycoplasmal pneumonia (1,2), also called enzootic 
pneumonia. The pathogenic mechanisms utilized by organisms of the genus Mycoplasma 
have been reviewed (8). The first part of this review will summarize the virulence 
attributes of mycoplasmas and provide an update on recent advances in knowledge about 
mechanisms of bacterial colonization of respiratory surfaces. The second part will 
examine mechanisms of antigenic variation, a potential pathogenic mechanism in 
eubacterial species and mycoplasmas. 
Pathogenicity of mycoplasmas and mechanisms of microbial adherence and colonization of 
respiratory surfaces 
Pathogenic mechanisms known to be utilized by mycoplasmas can be divided into 
three main functional components: adherence to host tissues, toxin production, and ill-
defined effects on the immune system of the host. It has been recognized that Mycoplasma 
neuroivticum causes rolling disease in mice and rats through the action of a neurotoxin 
(9). Other toxin-producing mycoplasmas are M- mvcoides which produces a 
polysaccharide named galactan, capable of inducing endotoxin-like reactions (10), and M-
fermentans which produces a membrane-bound toxin capable of inducing lethality in mice 
(10). Hydrogen peroxide is reportedly produced by M- pneumoniae, and might be involved 
in oxidative attack on host cell membranes. Inhibition of host-cell catalase by Mycoplasma 
pneumoniae-aenerated superoxide anions was reported to be the mechanism enabling 
mycoplasmal hydrogen peroxide to damage cell membranes (11). However, the role of 
hydrogen peroxide as a virulence factor is only speculative. There are pathogenic 
mycoplasmas that do not produce hydrogen peroxide, like M- hvosvnoviae (12), and 
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pathogenic and nonpathogenic species that do produce the substance like M- hvopneumoniae 
(13) and Acholeplasma granularum and A- laidlawii (14), respectively. 
Mycoplasma hyopneumoniae was reported to possess a cytopathic factor, apparently 
located within the cell membrane, that was able to produce cytopathic effects in cultures of 
human lung fibroblasts. It seemed to be a protein of approximately 54,000 daltons (D) 
with an isoelectric point of 6.2 (15,16). 
The interactions of mycoplasmas and the immune system are not always benefical 
for the host; contrarily, it is strongly suspected that these interactions contribute 
substantially to development of disease. It was observed that a direct relationship existed 
between virulence of certain strains of M- pulmonis for CBA mice and resistance to 
phagocytosis by peritoneal macrophages in vivo. Virulent strains resisted phagocytosis 
but avirulent strains did not. When phagocytosis was evaluated in vitro, virulent and 
avirulent strains were resistant, unless specific antibodies opsonized the organisms, in 
which case all strains were phagocytosed by peritoneal macrophages (17). Therefore, 
resistance to phagocytosis was considered to be an important virulence attribute of M-
pulmonis. Other authors (18) reported that, although different species of mycoplasmas 
were readily phagocytosed by neutrophils, the organisms remained viable within the cells, 
and this could even serve as a mechanism of transport through the host's body. The authors 
reported that, since mycoplasmas were not required to be opsonized by antibodies in order 
to be phagocytosed, the main function of these molecules in host defence seemed to be to 
impair mycoplasmal growth on mucosal surfaces (18). 
Mycoplasmas possess mitogenic activity for lymphocytes. It was reported that 
several species of mycoplasmas could stimulate blast transformation of resting 
lymphocytes in cell culture (19). This blastogenic response could be in part responsible 
for the accumulation of mononuclear cells seen in mycoplasmal diseases like murine 
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respiratory mycoplasmosis and enzootic pneumonia of swine. It was reported that 
intratracheal inoculation of pigs with M- hvopneumoniae membranes elicited a mitogenic 
response for bronchial lymph node lymphocytes 7 and 14 days post inoculation, and that 
pigs developed mild pneumonic lesions resembling those observed in mycoplasmal 
pneumonia (20). Cole (21) reported that M- arthritidis produces a T cell mitogen active 
on lymphocytes from certain strains of mice and proposed a mechanism by which the 
mitogen acts. It was recently reported that mycoplasmas are able to induce proliferation of 
bone marrow-derived macrophages. The mechanism of proliferation involves the 
stimulation of an unknown cell to produce granulocyte-macrophage colony-stimulating 
factor (22). It was also reported that mycoplasmas were able to induce murine peritoneal 
macrophages to secrete tumor necrosis factor (23). 
Certain mycoplasma infections in humans have been accompanied by manifestations 
of autoimmune diseases such as rheumatoid arthritis. One possible mechanism leading to 
autoimmune disease was proposed by Stanbridge (19) who reported that lymphocyte-
capping by mycoplasmas can lead to the organisms' acquisition of host membrane 
components. These antigens, presented as integral membrane components of the 
mycoplasmal cell, would not be recognized as "self by the host immune system, but would 
be able to elicit antibody responses. The antibodies originated in this way could cross-
react with self antigens, leading to autoimmune reactions. Antigenic mimicry is another 
mechanism by which mycoplasmas can elicit autoantibodies. Although it is not known how 
frequently antigenic mimicry leads to formation of autoantibodies, it was observed that a 
monoclonal antibody against M- hyorhinis reacted against intermediate filaments from 
mammalian cells, and that this monoclonal antibody also recognized antigens of other 
Mycoplasma apcL (24). 
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Modulation of the immune response, including immunosuppression, may be another 
important mechanism whereby mycoplasmal infections lead to disease. Mycoplasma bovis 
was reported to be immunossuppressive in calves when inoculated without Freundt's 
complete adjuvant. In lymphocyte blastogenesis tests, this species caused decreased 
incorporation of tritiated thymidine (25). Mvcoplasma hyopneumoniae was also 
speculated to possess immunosuppressive properties since nonviable organisms were able 
to decrease incorporation of tritiated thymidine in lymphocyte blastogenesis tests (26). 
Mvcoplasma hyopneumoniae was also observed to diminish the phagocytic response of 
alveolar macrophages when pigs experimentally inoculated with this organism were 
exposed to pigs infected with Actinobacillus pleuropneumoniae (27) and became infected 
by this last organism in addition to mycoplasmas. This might potentially be a mechanism 
by which M. hyopneumoniae predisposes the host to secondary bacterial infections. 
Attachment of microorganisms to host tissues is recognized as an important 
virulence attribute for viral, bacterial, and fungal pathogens and is the first step for 
stable colonization. Therefore, knowledge of the mechanisms by which pathogens adhere to 
host tissues may enable development of pharmacological products or immunological 
procedures to avert colonization, ultimately preventing disease. 
Among the bacterial respiratory pathogens, Mvcoplasma pneumoniae. Bordetella 
pertussis. Bordetella avium, and Bordetella bronchiseptica have been shown to adhere 
specifically to ciliated cells of the respiratory tracts of their respective hosts. Useful in 
vitro models have been developed for each of these species wherein the events associated 
with adherence can be carefully studied (28,29,30). Therefore, these models present 
potential options for for studying mechanisms of adherence of M. hyopneumoniae to porcine 
respiratory tissues. 
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Mycoplasma pneumoniae is the causative agent of atypical pneumonia of humans 
(31). The importance of adherence of the mycoplasma to human respiratory tissues was 
first noted by Sobeslavsky et al. (32). Hu et al. (33) and Feldner et al. (34) reported 
that a protein localized on the tip structure of the organism was believed to play a major 
role in adherence of the organism to respiratory epithelia. Monoclonal antibodies against 
this protein, subsequently called protein P1, were shown to coat selectively on the tip 
structure of the mycoplasmas (33,34). Monoclonal antibodies to the P1 protein inhibited 
attachment of the organism to chicken erythrocytes, reducing adherence by up to 85% of 
the control values (35). P1 was cloned (36) and a gene coding for epitopes mediating M-
pneumoniae cytadherence was identified (37). Jacobs et al. (38) reported two other 
immunogenic epitopes on the PI protein which reacted with adherence-inhibiting 
monoclonal antibodies and with convalescent patient serum. However, P1 is not the only 
molecule responsible for cytadherence. Spontaneous loss or reacquisition of high-
molecular weight mycoplasmal proteins designated HMW1, HMW 2, HMW 3, and HMW 4 
was shown to relate to altered cytadherence, altered architecture of the tip organelle and 
changed distribution of the P1 protein on the mycoplasmal surface (39,40). A recently 
described protein (HMW 5) was shown to be present in cytadhering M- pneumoniae, but 
absent in noncytadhering strains (41). 
The receptors for M- pneumoniae on erythrocytes are sialylated oligosaccharides 
(42). Loveless and Feizi (43) reported that long-chain sialo-oligosaccharides of poly-N-
acetyllactosamine were highly concentrated on the terminal aspects of ciliated cells of the 
bronchial epithelium but not in neighboring secreting cells and mucus. Therefore, absence 
of cell receptors in mucus and presence on ciliated cells would be an important permissive 
factor favoring adhesion of the organisms to ciliated cells rather than elimination by 
mucus. Other authors (44) reported that M- pneumoniae was able to use other receptors 
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that mediate attachment to host cells. Sulphated glycolipids mediated attachment to WiDr 
cells. This adhesion was not inhibited by alpha-2-3-sialyllactose but was inhibited by 
dextran-sulphate. Conversely, dextran-sulphate failed to inhibit attachment of M-
pneumoniae to sialylglycoproteins. When used in combination, dextran-sulphate and 
alpha-2-3-sialyllactose completely abolished attachment of the organisms to WiDr cells, 
suggesting that both receptor types were necessary for adherence of the mycoplasma. The 
potential presence of sulphated glycolipids on the surface of ciliated bronchial cells merits 
further investigation. 
Although the P1 protein is highly antigenic in laboratory animals which have been 
experimentally infected and humans which are naturally infected with M- pneumoniae, 
antibodies induced against the P1 protein as a consequence of infection are apparently not 
protective, at least without antibodies against additional components of the organism. 
Moreover, after experimental challenge with M- pneumoniae, lesions were more severe in 
guinea pigs immunized with purified P1 than in nonimmunized animals (44,45,46). 
Organisms of the genus Bordetella are important respiratory pathogens that colonize 
ciliated epithelium. In vitro models of adherence of Bordetella bronchiseptica to swine 
nasal epithelial cells (47,48,49) and hamster lung fibroblasts (50) were reported. 
Phase I (smooth) organisms were more adherent than phase III (rough) organisms 
(48,49,50). Antisera against live or fixed phase I cells inhibited attachment, but 
antisera against heated phase I or live phase III organisms failed to inhibit attachment. 
Heat lability of binding sites present on the surface of phase I organisms suggested that 
proteinaceous substances were responsible for the adherence (47). Adherence of g. 
bronchiseptica to hamster lung fibroblasts was shown to be mediated by n-
acetylglucosamine or other acetylated sugars present on the target cells, by a divalent 
cation-mediated event, or both (50). Treatment of the organisms with acetylated sugars 
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significantly reduced adherence to hamster lung fibroblasts and to human buccal epithelial 
cells, while addition of Ca++, Cd++, or Mn++ restored adherence capability that had been 
previously abolished with EGTA (50). 
Models of adherence of Bordetelia pertussis to human respiratory epithelial cells 
were reported (7). Organisms were primarily located adjacent to the cell body at the base 
of the ciliary tuft, and adherence was mediated by aposition of the membranes of cilia and 
microorganisms. Filaments were detected which connected adherent organisms to cilia, 
microvilli, and to other organisms (7). Adhesins of fi. pertussis were further 
characterized by Tuomanen and Weiss (51). They reported that mutants lacking 
filamentous hemagglutinin (FHA) and pertussis toxin (PT) were unable to adhere to 
ciliated cells, and that antibodies against FHA and PT inhibited attachment of organisms 
possessing FHA and PT in an in vitro assay. Filamentous hemagglutinin and PT may 
participate in adhesion of other pathogens to mucosal surfaces, as reported by Tuomanen 
(52). Streptococcus pneumoniae. Haemophilus influenzae, and Staphvlococcus aureus 
acquired the ability to adhere to cilia in vitro and in vivo after treatment with FHA and PT. 
Assessment of the nucleotide sequence of FHA disclosed two RGD (arg-gly-asp) tripeptides 
that could serve as recognition sites for eucaryotic protein receptors (53). Therefore, it 
was suggested that FHA could mediate adherence to host tissues by two mechanisms: the 
first, a lectin-like activity by which FHA adhered to lactose-containing glycolipids; the 
second, by RGD tripeptides serving as recognition sites for eucaryotic protein receptors. 
In this way, these adhesins would mimic cell-cell interactions, creating an extracellular 
matrix to which other pathogens might adhere. 
The receptor(s) for E. pertussis on ciliated cells were further characterized by 
means of attachment-inhibition assays using different sugars as blocking agents. It was 
observed that D-galactose was an effective attachment-blocking sugar, and so were 
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glycoconjugates containing galactose-beta-1-4-glucose and units of galactose-beta-1-4-
N-acetylglucosamine units. Monoclonal antibodies recognizing the Lewis A 
(Le3)(galactose-beta-1-3-N-acetylglucosamine[4-1-alpha-fucose]), and to a lesser 
extent, group A(galactose-N-acetylgalactosamine-alpha-1-3) and Lewis B 
(Leb)[(fucose-alpha-1 -2)galactose-beta-1 -3-N-acetylglucosamine(4-1 -alpha-
fucose)] blood group antigens were also effective inhibitors of adherence of fi. pertussis to 
ciliated cells. These monoclonals also defined the topographical distribution of specific 
receptors to E. pertussis on human respiratory ciliated cells, i.e., anti-Le^ bound 
specifically to cilia, but not to cell bodies (54). 
Adherence of Bordetella avium, the cause of turkey coryza, was correlated with 
hemagglutination (30). It was observed that hemagglutination-negative mutants were not 
able to adhere to tracheal epithelium at the same rate as hemagglutination-positive 
strains, although adherence was not completely abolished. It was speculated that B. avium 
contained multiple adhesins and hemagglutinins (55). 
Mycoplasma hvopneumoniae adheres to tracheal and bronchial ciliated cells of the 
respiratory tract of pigs, possibly causing ciliostasis and sloughing of cilia (56,57,58). 
Electron micrographs of M- hyopneumoniae infected host tissues revealed that the 
organisms were covered by a fuzzy layer of amorphous material 16-20 nm thick that was 
stainable with ruthenium red. Radial filaments interconnected organisms and cilia or 
microvilli (57). Organisms were not found in alveoli. Scanning electron microscopic 
studies showed that mycoplasmas attached to cilia of tracheal and bronchial epithelia. 
Sequential studies revealed damaged cilia, collections of mucus and leukocytes, and 
formation of mycoplasma colonies (58). In an attempt to develop understanding about the 
role of adherence in M- hyopneumoniae pathogenesis, we evaluated its capability to attach 
to different kinds of cells cultured in monolayers. The organism was shown to adhere in 
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large amounts, and the process was receptor specific; however, antigen-specific antibodies 
failed to inhibit attachment (59). Further work is necessary to identify adhesive moieties 
on the surface of M- hyopneumoniae and the mechanisms for attachment to ciliated 
epithelium. 
The mechanisms of adherence reviewed above are known as "specific interactions" 
between bacterium and substratum, generally inhibitable by antibodies against bacterial 
adhesins, or by lectins with specific sugar activity against cell receptors. Other 
interactions between bacterium and target cell are ruled by less specific hydrophobic 
interactions. The role of hydrophobic interactions in adherence of bacteria to host surfaces 
or to other surfaces was studied concomitantly with methods developed to measure cell 
surface hydrophobicity. First reports on the nature of bacterial hydrophobicity presented 
evidence that certain strains of £. coll possessing capsular antigen K88 and colonization 
antigen I and II (CFA/I or CFA/II) were hydrophobic (60,61). Hydrophobic properties of 
£. cfili K88+ and £. Cflli CFA/I+ or CFA/II+ were studied by hydrophobic interaction 
chromatography (HIC). This method, developed by Smyth et al (60), measures the 
quantity of organisms that remain attached to a hydrophobic gel column, such as phenyl-
Sepharose, after being eluted with a suitable buffer. Differences between the quantity of 
organisms added to the column and the quantity of organisms eluted from the column 
represent the amount of organisms interacting with the gel by hydrophobic interactions. 
Organisms can be quantitated by viable counts. It was observed that piliated strains of £. 
Cfili possessing the K88, CFA/I, or CFA/II antigens were more hydrophobic than 
nonpiliated strains lacking those antigens. Previously, it was observed that K88+ and 
CF/VI+ and CFA/I 1+ strains were pathogenic for swine and humans, respectively, but 
K88" or CF/VI" and CF/VII" were not. Consequently, surface hydrophobicity of £. cfili 
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was directly related to presence of pilus antigens, constituted by large amounts of 
hydrophobic amino acids (61). 
Hydrophobicity of Staphylococcus ag. and its relationship to adherence and cell 
surface composition was studied by several authors, using either HIC (62,63), salt 
aggregation test (SAT) (64,65), or partitioning in hydrocarbons (62). Strains of 
Staphylococcus aureus isolated from bovine mastitis were investigated for surface 
hydrophobicity by SAT (64). In this test, a standard suspension of organisms is mixed 
with a series of increasing concentrations of ammonium sulfate. After a period of time, 
hydrophobic organisms interact at lower salt concentrations than hydrophilic ones, 
forming visible aggregates, it was observed that most staphylococcal strains were highly 
hydrophobic. Hydrophobicity was related to presence of protein A on the cell surface, 
since protein A-negative mutants were significantly less hydrophobic than protein A-
producing mutants. Using the same test, other authors determined that most strains of S. 
aureus isolated from various infections were hydrophobic, while strains isolated from 
healthy carriers were hydrophilic (66). However, when tested by HIC, protein A-
negative mutants were as hydrophobic as protein A-producing strains (63). Reifsteck et 
al. (67) measured hydrophobicity of staphylococci by partitioning in hydrocarbons. This 
method measures the degree of interaction with a hydrophobic phase of organisms 
suspended in an aqueous phase. A suspension of organisms of an appropiate optical density 
is vortexed with a hydrophobic phase such as hexadecane. After a period of time, the 
absorbance of the aqueous phase is measured. The difference between the original optical 
density and the optical density obtained after vortexing is proportional to the amount of 
organisms that interacted with the hydrophobic phase through hydrophobic forces. Using 
this method Reifsteck et al (67) reported that mutants of S. aureus strains lacking protein 
A were also hydrophobic. However, they agreed that surface proteins were responsible for 
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hydrophobicity, because treatment of the organisms with trypsin rendered hydrophiiic 
otherwise hydrophobic organisms. Other authors reported discrepancies between test 
results measuring hydrophobicity. Smith et al. (68) reported that Helicobater pilori was 
hydrophiiic as measured by SAT, but when determinations were done by HIC results showed 
that the organism was hydrophobic. They speculated that HIC could show as hydrophobic an 
otherwise overall hydrophiiic surface because small hydrophobic domains of the organism 
surface can react with the hydrophobic column ligands. On the other hand, SAT and the 
partition methods measure overall hydrophobicity; therefore, the author recommended 
that two or more tests should be used with any particular strain in order to draw valid 
conclusions. 
Comparative studies on surface hydrophobicity of Streptococcus sc- groups A, B, C, 
D, and G have been reported (65). Strains possessing M protein were hydrophobic, but 
capsulated strains were hydrophiiic as measured by SAT. Hydrophobicity of S- salivarius 
was measured by partitioning into hexadecane (62). The author observed that hydrophobic 
properties of the organism surface was correlated to presence of antigen C, a fibrillar 
protein layer. They also reported that hydrophobic interactions were partially 
responsible for adherence of the organisms to saliva-coated hydroxyapatite, since 
adherence was decreased after treatment with tetramethyl-urea, but not abolished. 
Similarly, a 190,000-D MW cell surface protein called PAc from S. mutans has been 
reported to be the main structure of the surface of the organism responsible for 
attachment to spheroidal hydroxyapatite beads (S-HA) and for hydrophobicity of the 
organism, as measured by partitioning in hexadecane. The authors reported that PAc-
defective strains were hydrophiiic and attached to S-HA in lesser numbers than the PAc-
expressing parent strain. Antisera and Fab fragments against PAc were able to inhibit 
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adherence of S- mutans PAc+ to S-HA, suggesting that PAc was instrumental in attachment 
of the organisms to that surface through hydrophobic bonding (63). 
Surface hydrophobicity of Candida albicans was studied. Evidence was presented 
showing that cell surface hydrophobicity of the organisms was involved in adherence to 
HeLa cells, but the authors speculated that it was not the predominant mechanism (69). In 
a later report, the same author reported that hydrophobicity of Q. albicans was related to 
surface proteins and suggested that, depending on degree of glycosylation, the same surface 
proteins can confer hydrophobic or hydrophilic properties to yeast cells. Highly 
glycosylated proteins would mask hydrophobic moieties so that the cells would be 
hydrophilic, while poorly glycosylated proteins would render the organisms hydrophobic 
( 7 0 ) .  
The cell surface of Mycoplasma sg. has not been studied for hydrophobicity, 
although it was reported that M- qallisepticum adhered to human red blood cells in part by 
specific ligand-receptor interactions and in part by hydrophobic interactions (71). These 
interactions would also play a role in adherence of M- pulmonis to erythrocytes (72). 
Also, M- gallisepticum. and M- pneumoniae have been reported to attach to glass and plastic 
(73), and M. hvopneumoniae has been grown on glass cover slips (74). These events 
stress the role that hydrophobic bonding has in microbial adherence to solid, inanimate 
surfaces. Perhaps, when the organisms encounter hydrophobic surfaces within the host, 
the same mechanisms are used for attachment. 
In addition to its role in adhesion of bacteria to host tissues and other surfaces, cell 
surface hydrophobicity influences susceptibility of a bacterium to phagocytosis (75). 
Strongly hydrophobic organisms would be phagocytosed in larger amounts than weakly 
hydrophobic organisms. It is known that negatively charged, hydrophilic surface 
polysaccharides interfere with phagocytic function of macrophages. 
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Antioenic variation in soms Buhacterial speclBs and mycoplasmas 
Antigenic variation as defined by Seifert and So (76) "refers to the ability of a 
microbe to alter the antigenic character of its surface components". Two conditions should 
be fulfilled; a) different components should be expressed by organisms belonging to a 
single strain, and b) the rate of change should be significantly higher than the rate of 
mutation (76). Phenotypic variation was well characterized for microbial species such as 
Neisseria gonorrhoeae (77,78), Borrelia hermsii (79), Streptococcus group A (80), and 
Bordetella sp. (81,82,83,84). 
Two types of variation, known as phase and antigenic variation, have been defined in 
M. gonorrhoeae, involving changes in the pill and outer membrane protein II (85). Phase 
variation was defined as a reversible switching between alternative states, such as pilus-
expressing(P+) or nonexpressing(P-), and P.ll expressing(P.II+) or P.ll 
nonexpressing(P.II') status. Antigenic variation was defined as irreversible changes in 
structures accompanied by detectable changes in antigenicity of the structures involved, 
when the cells were in the expressing state. It was observed that a single cell expressing 
pill was able to express one antigenic pilus type, but the same cell could express up to 
three different P.ll types out of eight possible distinct forms. These changes in antigenic 
composition were reflected in the morphologic appearance of colonies of M- gonorrhoeae. 
Filiated strains developed sharp-edged colonies, while nonpiliated strains developed 
diffuse-edged colonies (85). Outer membrane protein ll-expressing colonies were 
opaque, while nonexpressing ones were translucent (78). Two molecular mechanisms for 
pilin variation in M- gonorrhoeae were proposed (76). One form involved a copy of a 
variant pilin gene located in a silent pil locus which recombined into an expression site in 
an unidirectional, nonreciprocal process called gene conversion. In the second form, 
gonococcal cells are transformed by DNA derived from autolysed cells from the culture. 
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Gonococci are naturally competent for autologous DNA (76). If the incoming DNA contains 
a silent pil locus it would recombine at sites with shared homology, such as the pil gene 
expression site, so that the new generations of cells express antigenically different pill. 
Regulation of P.ll expression involved translational control coupled with DNA 
recombination. There are between 8 to 13 pentameric CTCTT units in transcripts of the 
signal sequence of P.ll. A transcript containing the correct number of CTCTT repeats in 
relation to the ATG start codon contains the correct P.ll reading frame, and the protein is 
produced. Genes with the incorrect number of CTCTT repeats would encode a truncated P.ll 
product. If none of the genes that contain pentameric repeats are in frame with the codons 
for the mature protein, the cell does not make P.ll, and P.ll" is the result. These repeat 
sequences are also subject to recombination with another gene or a copy of itself. In this 
way, new variants with correct or incorrect numbers of repeats can be produced, turning 
expression of the P.ll gene product ON or OFF. DNA transformation also plays a role, 
increasing variation (76). 
Borrelia hermsii has been shown to exhibit antigenic variation of its surface 
proteins (called VMP) (79). It was seen that one single organism can give rise to up to 24 
new serotypes based on VMP composition. VIVIP proteins differ in molecular weight, 
peptide composition, and reactivity with serotype-specific antisera (79). Differential 
expression of VMP is accompanied by DNA rearrangements. It has been reported that VMP 
genes are stored on linear multicopy plasmids as silent information because they lack 
promoter regions. Recombination takes place between these genes and an expression 
plasmid at the VMP locus; the VMP gene is activated and this results in transcription and 
translation of a new variant VMP (76). Antibodies against firstly generated serotypes do 
not react against new variants, so that organisms can proliferate until a specific immune 
response is mounted. 
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Streptococcus group A is known to exhibit antigenic variation of its main virulence 
factor, the antiphagocytic M protein (86). There are more than 75 known serotypes of S. 
pvooenes. in addition there are also strains that cannot be identified with currently 
available sera. Besides this diversity, it was reported that M protein within the same 
strain may occur in a multiplicity of sizes that could contribute to survival of the 
streptococci in vivo (80). This variation in size was generated by homologous 
recombination between repeated regions within the gene encoding M protein. 
Bordetella pertussis exists either as a virulent phase I form or as an avirulent 
form termed phase IV, although intermediate forms have been postulated but not well 
defined (81). Phase IV organisms are deficient in a wide range of cellular components in 
comparison to phase I; i.e. proteins of molecular weight 28,000, 30,000, 88,000, and 
98,000-D and virulence factors such as pertussis toxin, adenylate cyclase, filamentous 
hemagglutinin, and pili. It was observed that when 20 mM MgS04 was added to the culture 
medium, phase I organisms shifted to phase IV. This shift was reversible and organisms 
cultured through many passages in MgSOj exhibited phase I protein patterns (81 ). This 
reversible, medium-mediated phenotypic shift was called antigenic modulation (82,83) 
and must be distinguished from the seldom seen reversible, spontaneous shift from 
virulent phase I to avirulent phase IV in absence of medium factors (83). Different 
phenotypes of fi. bronchiseptica were further characterized according to SDS-PAGE 
polypeptide profiles stained with Coomasie blue, to polysaccharides profiles of gels stained 
with silver, and to surface-exposed proteins of "I^Si-iodogen-labeled organisms in gel 
autoradiographs. The authors concluded that fi. bronchiseptica was capable of expressing 
multiple colonial phenotypes (82). It was proposed that phase variation in &. 
bronchiseptica was produced by random mutations in the controlling region for antigenic 
modulation, followed by in vitro selection for mutants in a process that was believed to be 
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irreversible (83). However, other authors stated that phase variation from virulent to 
avirulent was reversible and developed a hypothesis for the molecular mechanism 
underlying this process (87). They proposed that products of virulence genes (pertussis 
toxin, filamentous hemagglutinin, hemolysin, dermonecrotoxin, etc.) were controlled by a 
trans-acting positive effector encoded by a virulent-phase inducer gene. Environmental 
signals, N/1g2+ ions or nicotinic acid, modulate expression of this positive effector by an ON 
to OFF switch. Recently, it was reported that phase variation was due to a frameshift 
mutation within an open reading frame that was predicted to code for a Vir protein product 
(88) similar to the trans-acting positive effector reported earlier. Regulation of the Vir 
locus was thought to act at the transcriptional level (84). 
Haemophilus influenzae also exhibits inter- and intrastrain heterogeneity of the 
surface-exposed, neutral sugars of its core polysaccharides. The intrastrain variation has 
been referred to as phase variation (89). It was observed that the DNA sequence 5'-CAAT-
3' was present on multiple tandem repeats within the chromosomal locus lie 1, lie 2, and 
lie 3. Variation in the number of repeats of CAAT by shifting upstream initiation codons in 
or out of phase could switch the translation of downstream genes that determine expression 
of oligosaccharide epitopes ON or OFF (89). 
In early work, antigenic variability of M- hvorhinis was assessed by employing 
metabolism-inhibition, growth-inhibition, latex-agglutination tests, and 
polyacryiamide-gel electrophoresis. The authors concluded that the strains of M-
hvorhinis studied were serologically interrelated, but found antigenic diversity ranging 
from slight to profound, and proposed to divide the species into subtypes (90). Recently, 
Boyer and Wise described more precisely intraspecies antigenic variants in M- hvorhinis 
(91). They demonstrated the existence of two sets of lipoproteins that expressed specific 
epitopes and which showed variation in size (molecular weight) when reacted with 
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specific monoclonal antibodies on immunoblots. They speculated that the proteins were 
formed by aggregation of repetitive units bearing the epitopes recognized by the 
monoclonal antibodies in a fashion similar to that observed with expression of M protein of 
streptococci. Further work on M- hvorhinis studied more deeply expression of phenotypic 
diversity of the species (92). It was observed that colony morphology varied from small 
(S) to large (L) colony types at a frequency of 0.1 to 40 x 10'^ (fraction of switched 
phenotype per cell per generation), from L to S (0.7 to 2.9 x 10'^), from S to medium 
(M)(0.7 to 64 X 10-4), from M to S (1 to 6.2 x lO'^), from L to M (0.2 x 10"4), and 
M to L (1.3 to 4.8 X 10-4). 
A second phenotypic trait in M- hyorhinis showing diversity was colony opacity. 
Switching from transparent (tr) to opaque (op) phenotype occurred independently of 
switching in colony size in cloned lineages. A third phenotypic characteristic studied was 
the expression of size variant lipoproteins bearing a corresponding epitope recognized by a 
particular monoclonal antibody (MAB). A transition in one lineage from L op+ to L trto L 
op+ corresponded with expression(+) or non-expression(-) of a 37,000-D lipoprotein 
bearing an epitope recognized by MAB F 192C17a, in a colony immunostained with that 
MAB. Progeny from the intermediate (L tr-) expressed size-variant amphiphilic 
lipoproteins lacking this epitope. Tryptic cleavage of intact organisms from L op+ 
variants generated a ladder of epitope-bearing fragments of proteins that represented all 
size variants found in naturally occurring organisms. The genetic mechanism(s) 
responsible for these variations was not determined. However, the authors mentioned that 
action of lysogenic viruses or transmissible elements representing procaryotic insertion 
sequences could be associated with production of genomic rearrangements (92). 
Liss and Heiland (93) first reported variation in colony opacity in Mycoplasma 
pulmonis. These authors described opaque rough (op) and translucent smooth (tr) 
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phenotypes in this species, and found a correlation between opacity and membrane 
polypeptide profiles among high-molecular weight polypeptides, and DNA restriction 
patterns in intrastrain op and tr phenotypic variants. Later, studies on phenotypic 
variation of M» pulmonis have focused on characterization of surface antigens. The 
molecular sizes of the surface proteins were: 150,000, 70,000, 83,000, 40,000, 
94,000, 67,000 and 48,000 and a protein complex {150,000-D) was described (94). 
In a second paper, five variable proteins were identified after comparison of 18 strains of 
M. pulmonis by two-dimensional polyacrylamide gel electrophoresis (95) and it was 
speculated that amino acid substitutions or genetic deletions caused different pis. In a third 
report, a protein called antigen variable 1 (VI) was characterized as a complex whose 
uppermost band had a molecular mass of 150,000-D and a pi of 4.5 (96). The lower band 
was 20,000-D and was more basic (pi 5.5-6.0). Some strains of M- pulmonis did not 
express the VI antigen, others expressed multiple forms of VI with different pis. 
Differences in the overall ladder pattern were observed even within strains derived by 
filter cloning. It was speculated that variability in VI was caused by: 1) repetitive units 
of low molecular weight, and that the ladder pattern would represent different synthetic 
stages of the molecule, 2) a core protein with added lipid or carbohydrates units, or 3) 
many low molecular weight peptides bound by noncovalent interactions (96). Watson et 
al. (97) speculated that the VI complex could be formed by a 21,000-D unit that anchored 
the whole complex to the cell membrane of the organisms. Hydrophobic portions formed 
micelle-like structures in which hydrophiiic domains would be exposed on the surface of 
the organisms, while hydrophobic domains would be sequestered within the aggregates. It 
would be interesting to identify antigenically variable portions of the complex and 
determine whether these are immunodominant or immunoreccessive domains. Variable 
portions of the pilin proteins of M- gonorrohoea were immunodominant, while cross-
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reactive antigens were hydrophobic and immunoreccessive (98). If the same mechanisms 
are operative in M. pulmonis, variation might enable persistence in vivo either by 
avoiding host immune surveillance, or by better adjusting to living conditions in the host, 
or both. Intrastrain variation of the V1 complex in vivo correlated with virulence for 
mice (99). It was observed that mice with more severe pulmonary lesions yielded more 
V1 variants as a percentage of the M- pulmonis population. A correlation of colony size 
variation with changes in the electrophoretic properties of the V1 surface antigen was also 
described (100). However, in a different study, differences in colony opacity, 
hemadsorption, hemolysis and mitogenicity were not associated with virulence of M-
pulmonis to mice and rats (101). 
Krause et al. (102) isolated strains of M- pneumoniae that were hemadsorption 
deficient. Several proteins were missing when one- and two-dimensional poiyacryiamide 
gel electrophoresis patterns were compared with those of mildly hemadsorption positive 
strains. Adherence to hamster tracheal rings and virulence were reduced in the 
hemadsorption deficient strains. Su et ai. (103,104) investigated the molecular events 
leading to loss of cytadherence of M- pneumoniae. First, they determined that the 
cytadhesin PI structural gene exists as multiple copies. They proposed that portions of the 
PI gene related to adherence were highly specific and conserved, while segments coding for 
other structural-functional domains were homologous to other parts of the mycoplasmal 
genome and thus, susceptible to gene recombination. The authors suggested that Pi-
related multicopy gene domains might represent a repertoire of gene copies that were able 
to regulate the structural and functional properties of PI (103). When studying PI 
negative mutants. Su et al. (104) determined that insertion of an extra adenine on a series 
of seven adenines caused a frame shift and this formed a premature termination codon 
(TAG). They assumed that DNA polymerase slippage occurred in vivo, although they 
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concluded that this mechanism could not be responsible for the high rate of mutations in 
mycoplasmas. Recently, it was reported that restriction fragment polymorphisms in the 
P1 gene of clinical isolates of M- pneumoniae may be the consequence of recombination 
between P1 and multicopy sequences homologous to P1, thus providing the basis for 
variations in P1 genes among M. pneumoniae isolates (105). 
Antigenic variability was also reported for M- ovipneumoniae (106) based on the 
presence or absence of a 26,000-D antigen that was recognized by monoclonal antibodies. 
It is not clear if this variation occurred intra-strain also, because this study compared 
strains of M- ovipneumoniae isolated from different flocks. 
Concerning M. hvopneumoniae. Wise (107) reported that intraspecies variation of 
antigenic expression occurs, since a monoclonal antibody that reacted against a 82,000-D 
protein of M- hyopneumoniae strain J failed to identify any epitope in strain VPP 11. 
Additionaly, immunoblots with a monoclonal antibody against a hydrophobic 70,000-D 
protein of strain J reacted with a slightly larger protein of strain VPP11. 
Sequence analysis of mycoplasmal rRNAs indicated that positions that are invariant 
in most bacteria showed significant variation in mycoplasmas, indicating a high rate of 
mutation and rapid state of evolution (108). This event was attributed to a lack of 3' to 5' 
exonuclease activity of mycoplasmal DNA polymerase, although some réports confirm the 
existence of DNA exonuclease activity (108). Cultures of mycoplasmas should be viewed 
as dynamic subpopulations with varying phenotypes and perhaps virulence mechanisms of 
the species. 
High rate of mutation and/or phenotypic switching in mycoplasmas, and the 
capability of these organisms to modulate the host immune response are intriguing 
subjects whose questions should be addressed and answered by researchers utilizing the 
newest tools of molecular biology. Research results will undoubtedly lead to discovery of 
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new mechanisms of microbial aggression, and perhaps will enlighten mechanisms of action 
of the immune system so far unknown. The extraordinarily complicated simplicity of 
mycoplasmas present a puzzling challenge to human and animal disease researchers. 
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SECTION I : ADHERENCE OF MYCOPLASMA HYOPNEI JMONIAE 
TO PORCINE CILIATED RESPIRATORY CELLS 
Adherence of Mycoplasma hyopneumoniae to porcine ciliated respiratory cells 
Gustavo Q.. Zielinski. DVM. MS, and Richard £. Ross. DVM, EbG-
2 7  
SUMMARY 
Adherence of M. hvopneumoniae to the mucosa of the lower respiratory tract of 
swine is an important initial event in development of mycoplasmal pneumonia. A suitable 
in vitro model of adherence would be useful for investigation of mycoplasmal and host cell 
factors involved in this process. We have developed an adherence assay, utilizing 
suspensions of porcine respiratory epithelial ciliated cells and M- hvopneumoniae. 
Tracheal epithelial cells, collected with cytology brushes, were mixed with broth cultures 
of M- hyopneumoniae and the mixtures incubated, diluted, vortexed, sedimented. Pellets 
were spread onto glass slides, stained with a fluorescent antibody against M-
hyopneumoniae and evaluated with a fluorescence microscope. Fluorescence was observed 
primarily among cilia on the ciliated tufts of epithelial cells. Only a few organisms were 
observed adhering on the nonciiiated parts of ciliated cells or on other cell types. When 
mycoplasmas were preincubated with low dilutions of serum from swine convalescent from 
M- hyopneumoniae disease, attachment was partially inhibited (P < 0.05). No inhibition of 
attachment was observed when organisms were preincubated with purified IgG from 
hyperimmune serum against M- hyopneumoniae or with low dilutions of lung lavage fluids 
from convalescent animals. Preincubation of the organisms with periodate and trypsin 
abolished attachment and formaldehyde partially decreased it, whereas a variety of 
carbohydrates had no effect on attachment. Preincubation with dextran-sulfate, 
ammonium sulfate, magnesium sulfate, and methionine reduced attachment (P<0.05). 
Treatment of cell-mycoplasma mixtures with the hydrophobic bond-breaking agent 
tetramethyl-urea, or incubation in absence of salt, or at low temperature also reduced 
attachment (P<0.05). No attachment was observed when ovine, rabbit, or guinea pig 
ciliated respiratory cells were mixed with M- hyopneumoniae. Attachment of Mycoplasma 
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dispar to porcine ciliated cells could not be demonstrated, while Mycoplasma hvorhinis 
attached nonspecifically to all cell types present in suspensions of porcine tracheal 
mucosa. These results suggest that adherence of M- hyopneumoniae is a host specific event 
that is mediated by proteins and carbohydrates on the surface of the organism and sulfur-
containing molecules in the host cell membrane. The highly polarized location of the 
mycoplasmas on the cilia of epithelial cells suggests existence of specific interactions 
between mycoplasmal adhesin(s) and receptor(s) on host cells. However, decreased 
adherence obtained by incubating mycoplasma-ciliated cell mixtures with tetramethyl-
urea, by incubating mixtures in absence of salt or at low temperature suggests that 
nonspecific hydrophobic interactions could play a role in the attachment process. 
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INTRODUCTION 
Since Mycoplasma hvopneumoniae was observed in close association to normal 
ciliated epithelium in the first stages of the disease, followed by extensive loss of cilia 7 to 
20 days post-inoculation'', adherence appears to be an important event in the successful 
colonization of the porcine respiratory tract and in development of pneumonia. These 
observations lead to important questions as to how the organism attaches to cilia and 
resists the action of the mucociliary clearance mechanism. Other respiratory pathogens 
such as Bordetella pertussis, g. bronchiseptica. £. avium, and Mycoplasma pneumoniae 
also attach to respiratory ciliated cells of their respective hosts^'^. Mechanisms utilized 
by these organisms in adherence to host respiratory epithelium were investigated mainly 
through use of in vitro models of attachment. 
Adhesins of fi. pertussis consist of two proteins: pertussis toxin (PT) and 
filamentous hemagglutinin (FHA) which are responsible for the highly specific ligand-
receptor type of attachment of the organisms to ciliated cells of the human respiratory 
mucosa^'G. However, FHA was reported to be hydrophobic® and it was also responsible for 
nonspecific hydrophobic attachment of the organism to polystyrene plates^. Host cell 
receptors for fi. pertussis were reported to be glycolipids containing galactose and 
glucose®. 
Adhesion of M- pneumoniae is mediated by a protein (P1)9, localized mainly on the 
tip organelle,of the organism, and other associated proteins that might affect functionality 
of P1 "10. Recently, protein P1 was cloned and sequenced"! , and gene domains mediating 
cytadherence were identified"'2. Two types of host cell receptors for M- pneumonia were 
reported: sufated glycolipids^ 3 and oligosaccharides of poly-N-acetyllactosamine"'^. 
The former were detected on human trachea, lungs and WiDr cells, and the latter were 
detected on the apical border of cilia. 
Mycoplasma hvopneumoniae hemagglutinates turkey erythrocytes. 
Hemagglutination was inhibited by convalescent porcine serum and monoclonal antibodies 
against two M- hyopneumoniae immunogens of molecular weight (MW) 41,000 and 
64,000-daltons (0)15. we recently reported a model of adherence of M. hvopneumoniae 
to cell monolayers. The organisms attached to human lung fibroblasts, pig lung fibroblasts 
and pig kidney cells in a relatively high amount and in a receptor mediated fashion, but 
attachment could not be specifically inhibited by antibodies against M- hvopneumoniae6. 
Since neither the erythrocytes nor cell monolayer models utilized target host cells 
(respiratory ciliated epithelial cells), it was proposed that development of another model 
utilizing this type of cell could provide more reliable information about the mechanism of 
attachment of M- hyopneumoniae to host tissues. Hence, we attempted to establish a valid 
model by which we might be able to determine the nature of the components of M-
hyopneumoniae involved in attachment to host tissues. 
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MATERIALS AND METHODS 
Mycoplasmas used- Mycoplasma hvopneumoniae strain 232 FAi (passage 27) and strain 
11 clone 3 (passage 25) were derived from uncloned strain 232 and strain 1116, 
respectively by filtration of a broth culture of the parent strain 17 in Friis mycoplasma 
medium''A previously described strain J (passage 60) was originally obtained from the 
American Type Culture Collection (ATCC). Uncloned strain 232 (passage 4) was 
reisoiated from the lung of a pig inoculated experimentally with strain 232 (passage 22), 
a strain derived from strain 11 after passage to pigs. Mycoplasma hvorhinis strain 7 was 
originally isolated by Dr. W.P. Switzer, Veterinary Medical Research Institute, Iowa State 
University, Ames, Iowa, and maintained in this laboratory. Mycoplasma dispar strain SDO 
was provided by Dr. R. F. Rosenbusch, Veterinary Medical Research Institute, Iowa State 
University, Ames, Iowa. 
Growth and preparation of mycoplasma suspensions- Mycoplasma cultures were inoculated 
into Friis medium at a 1:10 ratio and incubated for 48 hours at 37 C in a shaking water 
bath incubator at 50 rpm. Cultures were harvested by centrifugation at 23,000 x g for 
15 minutes, washed once in phosphate-buffered saline solution (PBS) pH 7.4, and 
resuspended at 1/25 of the original culture volume in PBS pH 7.4 (approximately 2.5 x 
lOlO color changing units (CCU) per ml). The organisms were then passed 3 times 
through a 25-gauge needle to disperse aggregates. This suspension was used as inoculum 
for the adherence assay. When adherence assays were done in absence of salt, the 
organisms were suspended in a solution of 0.25M sucrose containing 10mM tris, pH 
7.319. 
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Preparation of ciliated cells- Specific pathogen free pigs were obtained from an isolated 
herd mantained at Iowa State University. Pigs were euthanized by electrocution followed by 
exsanguination. The thoracic cavity was opened, and the trachea and lungs were exposed. 
The proximal end of the trachea was closed with a clamp, and the trachea and lungs were 
excised. The trachea was severed at the larynx, and the bifurcation and excess adventitial 
tissue was removed. The trachea was immersed in medium 199^ (M-199) containing 
10% fetal calf serum (FCS)b, cut in 5 cm segments and epithelial cells collected from the 
mucosa with cytology brushes^. Brushes were immersed in a beaker containing M-199 
with 10% PCS, and cells were dislodged from brushes by agitation and gentle rotation 
against the wall of the beaker. Viability of the cells was determined by trypan blue 
exclusion. Cells were counted in a hematocytometer and concentrated to approximately 7-
8x104 ciliated cells/ml by centrifugation at 1,000 x g at 4 C and resuspended in the 
appropriate volume of buffer. Tracheal epithelial cells from healthy adult rabbits, adult 
guinea pigs, and lambs were obtained as described for swine. 
Adherence assav- The adherence assay was adapted from that of Tuomanen and HendleyS. 
Briefly, 1 ml of cells was mixed with 50 nl of the mycoplasmal suspension. The mixture 
was incubated 90 minutes at 37 C in a water bath shaker at 120 rpm. After incubation, 
the cell-mycoplasma mixture was diluted with 10 volumes of PBS and sedimented by 
centrifugation for 10 minutes at 250 x g. The supernate was discarded, the pellet was 
resuspended in the residual liquid and a drop was spread on a glass slide and air dried. 
3 Gibco laboratories. Grand Island, NY. 
b Hazleton Research. Products. Denver, PA. 
c Medical Packaging Co. Camarillo, CA. 
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Slides were fixed in chilled methanol for 10 minutes and frozen at -20 C until stained. 
Slides were stained with fluorescein isothiocyanate (FITC)-conjugated antibodies against 
M- hvopneumoniae by a procedure described previously^O. Negative controls consisted of 
FITC-conjugated antibodies against M- hvopneumoniae -treated ciliated cells without 
mycoplasmas. Preparations were also stained, using an indirect technique, with FITC-
conjugated rabbit antibodies against porcine IgG^ to determine whether coating of porcine 
convalescent or hyperimmune serum on mycoplasmal cells occurred. 
Slides were observed using ultraviolet light with a Nikon epifluorescence 
microscope under oil immersion at I.OOOX. Twenty randomly selected microscopic fields 
containing ciliated cells were observed for each preparation. Fluorescence on ciliary tufts 
of epithelial cells was assessed on a scale of 1 to 4. A single small fluorescent spot was 
assigned a score of 1. Scores of 2 to 4 were assigned according to increasing size of 
fluorescent aggregates. The total score value for an individual ciliated cell was derived by 
adding the scores of individual fluorescent spots. The mean score for a single microscopic 
field resulted from averaging scores of individual cells in that field. The average score for 
a treatment was a sum of mean scores of single microscopic fields divided by the number of 
fields observed (usually 20), expressed as a mean ± standard error of the mean (SEM). 
Treatment with antibodies- Aliquots of the mycoplasmal suspension were mixed with equal 
volumes of different dilutions of convalescent or hyperimmune serum and were incubated 
for 30 minutes at 37 C. Convalescent serum was obtained from a pig that had been 
inoculated intratracheally with a broth culture of M- hyopneumoniae strain 232; it had a 
d Sigma Chemical Co. St. Louis, MO. 
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complement fixation (CF) antibody titer of 1:256®. Hyperimmune serum was obtained 
from a pig inoculated parenteraliy with several doses of a concentrated suspension of M-
hyopneumoniae strain 11. It had a CF antibody titer of 1:1280®. High-perfomance liquid 
chromatography (HPLC)-purified-lgG from the hyperimmune serum' was mixed at 
approximately the same antibody titers as whole hyperimmune serum in serial dilutions 
with the suspension of mycoplasmas, and incubated 30 minutes at 37 C. Mycoplasmas 
were also preincubated with normal (CF-negative) swine serum and IgG from normal 
swine serum in the same dilutions as for convalescent serum and purified IgG from 
hyperimmune serum. Lung lavage fluid was obtained from pigs inoculated with M-
hyopneumoniae according to a procedure described previously21. Briefly, after excision, 
trachea and lungs were flooded with PBS pH 7.4 and massaged for a few seconds. Liquid was 
recovered in a flask and put on an ice bath. Cells were separated by centrifugation at 250 
X g for 10 minutes and cell debris was eliminated by centrifugation at high speed (15,000 
X g) for 15 minutes. The clear supernate was used in inhibition assays. Content of 
specific IgA was assessed by ELISA^ using solubilized M- hyopneumoniae as antigen, lung 
lavage as primary antibody, and an anti-lgA monoclonal antibody as the secondary antibody. 
Optical density obtained for the positive reaction at a wavelength 405 nm had a range of 
1.771-2.072. Attachment of mycoplasmas preincubated with normal, convalescent, or 
hyperimmune serum, and lung lavage from normal and convalescent pigs was compared to a 
blank sample in which the organisms were preincubated with equal volumes of PBS pH 7.3 
for 30 minutes at 37 C. 
® Zimmermann-Erickson B. Iowa State Univ. Ames, lA. 
f Young T. Iowa State Univ. Ames, lA. 
Treatment with trypsin and periodate- Suspensions of M. hvopneumoniae were mixed with 
equal volumes of a 50 ^g/ml solution of trypsin"'6.d^ or 0.01 M sodium metaperiodate^ in 
PBS. Tubes containing both treatments were incubated for 30 minutes at 37 C in a water 
bath, the organisms were then washed once with PBS, harvested by centrifugation at 
23,000 X g, and resuspended to the original volume in PBS. 
Treatment with formaldehyde- A culture of M. hvopneumoniae in Friis mycoplasma broth 
was treated with 1% v/v formaldehyde and harvested and washed as described for trypsin 
and periodate treatments. 
Treatment with tetramethyl-urea- Suspensions of 1ml of mycoplasma-ciliated cell 
mixtures were mixed with 1 ml of a 1M or 0.1 M solution of tetramethyl-urea^Z and 
incubated for 90 minutes in a water bath shaker. Tetramethyl-urea in the same 
proportion was also added to untreated mycoplasma-ciliated cell suspensions that had been 
previously incubated for 90 minutes, and the mixture was incubated for additional 30 
minutes. Mycoplasma-celi suspensions treated with tetramethyl-urea were then washed 
and spread on slides as described for the adherence assay. 
Treatment with carbohvdrates and sulfur-containina compounds- Suspensions of M-
hyopneumoniae were mixed with equal volumes of one of the following: 0.01 M D-glucose, 
D-galactose, L-fucose, D-mannose, D-N-acetylglucosamine, or N-acetyigalactosamine^; 
2.5 mg/ml lactose or fetuin^joo ng/ml dextran sulfate (MW 500,000)"'3; iOmM 
magnesium sulfate; 10mM ammonium sulfate; 50mM methionine; or 50mM valineQ or 
9 Minion, F. Iowa State University, Ames, lA. Personal communication; 1991. 
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glutamine (both used as controls for methionine). Organisms were incubated with these 
compounds for 30 minutes at 37 C and then added to suspensions of ciliated cells for 
assessment in the adherence assay. 
Electron microscopy- Pellets of ciliated cells with adhering mycoplasmas were post-fixed 
with 1% osmium tetroxide in O.IIVI cacodylate buffer pH7.2, for 2 hours at room 
temperature, washed with distilled water, dehydrated in a graded series of acetone of 50, 
75, 95 and 100% and embedded in EPON 812 resin. Thin sections were cut with a diamond 
knife, stained with 2% uranyl acetate and Reynolds' lead citrate and examined in a Hitachi 
H500 transmission electron microscope at 75 Kv. 
Statistical analysis- Results were compared by analysis of variance. Contrasts were done 
between negative controls (untreated organisms) and organisms treated with different 
types of sera. For statistical analysis, data from replicate experiments were not pooled 
but blocked in as many levels as replications were done. Differences between untreated 
controls and treated organisms or among treatments were considered significant when P 
values < 0.05 were obtained. 
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RESULTS 
Observation of mycoplasma-tracheal cell preparations revealed that most of the 
fluorescent spots representing mycoplasmas were located among cilia. A low proportion of 
ciliated cells had lost their cilia. These cells were still identifiable because they had 
distinguishable terminal bars constituted by ciliary basal bodies^^. Organisms were also 
observed to be attached to cellular debris, to sloughed cilia and free in the suspending 
liquid phase. A few mycoplasmas were observed attached to the body (nonciliated cell 
surface) of ciliated cells or to nonciliated epithelial cells (Figure 1). Electron microscopy 
revealed mycoplasmas in close apposition to cilia; however, fusion of membranes was not 
observed (Figure 2). No fluorescence was observed on cells that had not been mixed with 
mycoplasmas (negative controls), but were stained with FITC-conjugated antibodies 
against M. hyopneumoniae. (Figure 3). No evidence of mycoplasmal fluorescence was 
observed when ciliated cells mixed with mycoplasmas that had been preincubated with 
convalescent serum, were stained with FITC-conjugated rabbit anti-swine IgG antibody. 
This inferred that antibodies were not present on the mycoplasmas or were present in 
minute amounts. On the other hand, ciliated cells fluoresced strongly when stained with 
FITC-conjugated rabbit anti-swine IgG, regardless of whether mycoplasmas had been 
incorporated in the preparations. Fluorescence was observed on the apical pole of ciliated 
cells where cilia are implanted (Figure 4). This fluorescent signal was abrogated by 
incubating the slides with nonfluorescence labelled affinity chromatography-purified 
rabbit anti-swine IgG^ prior to staining them with the fluorescent antibodies. 
The mycoplasma to epithelial cell ratio was evaluated in order to arrive at optimal 
conditions for fluorescence evaluation. Significant differences in attachment (P<0.05) 
were obtained when suspensions of 5 x 10^0 and 2.5 x 10^0 CCU/ml organisms were 
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Figure 1. Tracheal cells incubated with Mycoplasma hvopneumoniafi and stained 
with FITC-conjugated antibodies against M- hvopneumoniae. 
Green fluorescence represents mycoplasmas (arrow), 1,000 X, oil 
immersion. 
Figure 2. Electron micrograph showing organisms in close apposition to the ciliary 
membrane. 14,000X. Bar=100nm. 
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Figure 3. Negative control. Ciliated tracheal cells incubated without mycoplasmas 
and stained with FITC-conjugated antibodies against M- hyopneumoniae. 
1,000 X, oil immersion. 
Ciliated tracheal cells incubated with convalescent serum-treated M-
hvopneumoniae and stained with FITC-conjugated antibodies against 
swine IgG. 1,000 X, oil immersion. 
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used with suspensions of 7.5 x lO'^ ciliated cells/mi (Figure 5). The latter organism 
titer was considered adequate to assess attachment and was consequently adopted for all 
subsequent evaluations. Four different strains of M- hvopneumoniae yielded similar 
attachment scores (Table 1) when tested using the standard conditions of the assay, that is, 
1  m l  o f  a  s u s p e n s i o n  o f  6 - 8  x  1 0 ^  c i l i a t e d  c e l l s ;  a n d  5 0  j i l  o f  a  s u s p e n s i o n  o f  2 . 5  x 1 0 l 0  
CCD mycoplasmas/ml incubated at 37 C for 90 minutes. 
Table 1. Adherence of different strains of M- hvopneumoniae to porcine ciliated 
respiratory cells. 
Fluorescence 
Strain score* 
11 clone 3 p22 12.4±1.04 
J p52 9.4±.0.83 
232 clone FA1 p28 9.8±0.66 
232 uncloned p4 10.7±0.79 
* No significant differences (P>0.05) among strains were detected. 
Values are the means (n=20) of at least two different experiments ± standard error of 
the means (SEM). 
Preincubation of M- hvopneumoniae with convalescent or hyperimmune serum 
reduced fluorescence scores in comparison to organisms preincubated with normal serum 
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1.55x109 3.1X109 6.2x1 CP 1.25x101° 2.5x101° 5x10l0 
Quantity of Organisms (ccu/ml) 
Figure 5. Adiierence of Mycoplasma hvopneumoniae strain 232 FA1 p27 to porcine 
ciliated respiratory ceils as a function of amount of organisms added to 
cell suspensions (means±SEM). 
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or PBS (P<0.05). However, when sera were diluted (1:200) (Table 2) the inhibitory 
effect was lost. 
Immunoglobulins (IgG) purified from hyperimmune serum against M-
hvopneumoniae did not inhibit attachment of the organisms to ciliated cells (data not 
shown). Preincubation of the organisms with whole hyperimmune serum agglutinated the 
organisms, and, consequently, almost no individual or small aggregates of mycoplasmas 
were observed adhering to ciliated tufts. Treatment of hyperimmune serum with 2-
mercaptoethanol abolished agglutination and attachment of individual organisms or small 
aggregates to ciliated cells was restored (data not shown). Preincubation of M-
hvopneumoniae with lung washings from convalescent animals containing specific IgA had 
some inhibitory effect on attachment when compared to organisms preincubated with lung 
washings from normal animals (P<0.05), although no difference was observed when 
fluorescence scores produced by treated and untreated organisms were compared (Table 
3). Treatment of M. hvopneumoniae with trypsin or periodate significantly decreased 
(P<0.05) attachment to ciliated cells; formaldehyde inhibited attachment to a lesser extent 
(Table 4). 
Preincubation of M- hyopneumoniae with eight different sugars had no effect on 
adherence (Table 5). However, adherence was reduced (P<0.05) when M- hvopneumoniae 
was preincubated with sulfur containing compounds such as dextran sulfate, ammonium 
sulfate, magnesium sufate, and methionine. Attachment of the organisms was not reduced 
by treatment with valine and glutamine, two non-sulfur containing amino acids (Table 6). 
Attachment was also inhibited when 0.5M tetramethyl-urea was added at the 
beginning of incubation of the mycoplasma-epithelial cell mixture (Table 7). When this 
reagent was added to the mixture at the end of the incubation, lower fluorescence scores 
Table 2. Adherence of Mycoplasma hvopneumoniae strain 232 FA1 p27 to porcine ciliated 
respiratory cells after treatment of the organisms with normal, convalescent or 
hyperimmune serum. 
Fluorescence score* 
Serum used for treatment 
Dilution 
Normal Convalescent Hyperimmune 
a b b 
1:2 6.5±.0.82a 4. 8i.0.67a 3.0±0.82a 
a b c 
1:20 8.6±0.76b 5.5±,0.64b 6.8±1.34b 
a a a 
1:200 10.5±1.50b 8.3±1.00b 14.0+3.00b 
Values with different superscripts in a row differ significantly (P<0.05). Values with 
different subscripts in a column differ significantly (P<0.05). Fluorescence score of 
samples of organisms preincubated with PBS (negative control) was 9.4±0.6. It differs 
significantly (P<0.05) from fluorescence scores of organisms preincubated with all types 
of serum. Values are the means (n=20) of at least two different experiments ± SEM. 
4.7 
Table 3. Adherence of Mycoplasma hvopneumoniae strain 232 FA1 p27 to porcine ciliated 
respiratory cells after treatment of the organisms with lung lavage fluids from 
convalescent or normal pigs. 
Fluorescence scores* 
Lung fluids from 
Dilution Convalescent Normal 
pigs pigs 
a b 
1:2 8.1±.1.3a 12.4±1.2a 
a b 
1:20 8. Oil. 1 a 10.Oi.1.6a 
a a 
1:200 7.5±.1.2a 7.6^0.9^) 
Values with different superscripts in a row differ significantly (P<0.05). Values with 
different subscripts in a column differ significantly (P<0.05). Fluorescence score of 
samples of organisms preincubated with PBS (negative control) was 9.4±0.6, It was not 
significantly different (P>0.05) from the samples preincubated with lung lavage from 
normal or convalescent pigs. 
Values are the means (n=20) of at least two different experiments ±SEM. 
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Table 4. Adherence of Mycoplasma hvopneumoniae strain 232 FA1 p27 to porcine ciliated 
respiratory cells after treatment of the organisms with periodate, trypsin, or 
formaldehyde. 
Treatment Fluorescence 
score* 
Periodate 
Trypsin 
Formaldehyde 
Control 
0.3±0.06a 
0.3±0.25a 
3 .1i0.40b 
5.6+0.40C 
Values with different superscripts differ significantly (P<0.05). 
Values are the means (n=20) of at least two different experiments ± SEM. 
49a 
Table 5. Adherence of M- hyopneumoniae strain 232 FA1 p27 to porcine ciliated 
respiratory cells after treatment with carbohydrates 
Organisms treated Fluorescence 
with: score 
D-glucose 13.7±1.9 
D-galactose 10.3±1.1 
L-fucose 10.1±1.1 
D-mannose 12.7±1.1 
D-N-acetylglucosamine 11.8±1.2 
D-N-acetylgalactosamine 9.3±2.0 
l^actose 12.5±1.0 
Fetuin 12.2±1.1 
Untreated control 14.2±1.1 
Differences are not significant (P>0.05). 
Values are the means (n=20) of at least two different sets of experiments ± SEM. 
49b 
Table 6. Adherence of M- hvopneumoniae strain 232 FA1 p27 to porcine ciliated 
respiratory cells after treatment with sulfur containing substances. 
Organisms treated Fluorescence 
with: score 
Dextran sulfate 1.2±.0.2* 
Magnesium sulfate 4.5±.0.7* 
Ammonium sulfate 3.7±.0.4* 
Methionine 4.7±.0.7* 
Valine (control negative) 7.0±0.7 
Glutamine (control negative) 6.8±0.8 
Untreated control 8.5±0.6 
Differs significantly from controls (P<0.05). 
Values are the means (n=20) of at least two different sets of experiments ±SEM. 
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Table 7. Effect of tetramelhyl-urea, salt, or temperature on adherence of M-
hvopneumoniae strain 232 FA1 p27 to porcine ciliated respiratory cells. 
Fluorescence 
Treatment score 
0.5M tetramethyl-urea 4.8±.1.2* 
0.05M tetramethyl-urea 15.8±2.2 
O.OmM NaCI 0.5±.0.2* 
2.5mM NaCI 1.7±.0.3* 
S.OmM NaCI 11.2±.3.0 
10mM NaCI 10.0±.1.0 
20mM NaCI 6.9±.0.7* 
40mM NaCI 4.3±.0.6* 
Incubation at 0 C (suspended in PBS) 11.2±.1.2* 
Incubation at 37 C (susp. in PBS, untreated control) 19.0±.2.3 
Significantly different (P<0.05) from control. Means (n=20) of fluorescence scores ± 
SEM. 
were also obtained, presumably because of detachment of cilia bound organisms (data not 
shown). Lower fluorescence scores were also obtained when organisms and tracheal cells 
were resuspended in a no salt buffer (sucrose-tris) instead of PBS. Addition of salt to 
sucrose-tris buffer increased adherence (Table 7). Also, incubation of the ciliated cell-
mycoplasma mixture at 0 C decreased adherence (P<0.05), although it was not abolished 
(Table 7). 
Evaluation of M- hvorhinis in the porcine cell assay revealed attachment to all types of 
cells, either ciliated or nonciliated, arid attachment to cell bodies and to ciliated tufts of the 
ciliated cells in a nonspecific fashion. No specific fluorescence on porcine ciliated cells 
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was detected when M- dispar was used. When porcine ciiiated respiratory cells were 
replaced by guinea pig, rabbit, or lamb ciliated respiratory cells, no mycoplasmas were 
observed adhering to cilia. 
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DISCUSSION 
Intimate association of M- hvopneumoniae with cilia of porcine respiratory 
epithelial cells (Figure 1) resembles the colonization pattern of human respiratory 
pathogens such as Bordetella pertussisS and Mycoplasma pneumoniae"! 4. Host cell 
receptors for the latter two bacteria were localized on the ciliary membrane of human 
respiratory epithelial cells. Therefore, we can speculate that receptors for M-
hyopneumoniae could also be present on the ciliary membrane of porcine respiratory cells. 
This could explain the host specificity of the organism and the failure of the organism to 
attach to guinea pig, rabbit, or lamb ciliated respiratory cells. Absence of specific 
receptors might also explain the inability of M- dispar to attach to porcine ciliated cells. 
Attachment of M- hyorhinis to the ciliated and nonciliated part of respiratory cells 
suggested that attachment is nonspecific or host receptors for this organism are different 
from the host cell receptors for M- hvopneumoniae. 
Strain of M- hvopneumoniae. pathogenicity for swine and passage history 
apparently did not affect expression of attachment mechanisms operative in this system, 
since no differences in attachment values were detected when different strains (pathogenic 
or nonpathogenic) of M- hvopneumoniae were used (Table 1). Increasing the proportion of 
organisms per ciliated cell yielded increasing fluorescence scores (Figure 5). At high 
mycoplasma concentrations, aggregation of organisms may have inflated the fluorescence 
scores seen in Figure 5. 
High dilutions of convalescent serum did not inhibit attachment of M-
hvopneumoniae to cilia, suggesting that antibodies against putative adhesins were not 
operative in this event (Table 2). Partial inhibition of attachment observed with low 
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dilutions of convalescent serum nriight be attributed to an unknown serum component, since 
low dilutions of normal serum also exerted a certain degree of inhibitory activity when 
compared to high (1:200) dilutions. Lack of specific attachment-inhibition activity of 
convalescent serum on adherence of M- hvopneumoniae was reported previously"' 6 for a 
different adherence assay. It is possible that mycoplasmal adhesins may not be 
immunogenic, may not be efficiently coated with antibodies when incubated with 
convalescent serum, or the mechanism of adherence may be multiphasic. Consequently, 
adherence may not only be dependent on specific interaction between putative adhesins and 
host receptors, but also on other nonspecific factors as well. Lack of mycoplasmal 
fluorescence in preparations of M. hyopneumoniae preincubated with convalescent porcine 
serum and stained with FITC-conjugated anti-swine IgG suggested that coating of the 
organisms by anti-M- hvopneumoniae antibodies did not occur, or the quantity of IgG 
molecules on the mycoplasmal surface was not enough to produce a fluorescent signal. Poor 
coating of organisms by antibody may explain why adhesins were not blocked. We cannot 
explain the function, if any, of IgG detected on the terminal bars of ciliated epithelial cells 
(Figure 6). 
Hyperimmune serum agglutinated the organisms. Treatment of the serum with 2-
mercaptoethanol reduced IgM and abrogated agglutination, restoring adherence. 
Consequently, inhibition of attachment by treatment of the organisms with hyperimmune 
serum is apparently due to agglutination of organisms, rather than to blockage of adhesins. 
This conclusion is farther supported by the lack of attachment-inhibition activity with 
HPLC-purified IgG from hyperimmune serum. 
Although one of the primary functions of IgA in local immunity is to block 
attachment of antigens to mucosal tissues24i25_ igA appeared not to prevent attachment of 
5 4  
M- hyopneumoniae to ciliated cells. Lung lavage from convalescent pigs containing specific 
IgA (confirmed by an ELISA test with an optical density of 0.995, recognizing the same 
protein antigens as convalescent IgG from serum)) failed to prevent adhesion of the 
organisms to target cells (Table 3). The difference in attachment values between M. 
hyopneumoniae treated with lung lavage from convalescent and normal animals, can be 
attributed more to an unknown effect of the lung lavage from normal pigs favoring 
adherence, than to an inhibitory activity of the lung lavage from convalescent pigs. 
Failure of trypsin- and periodate-treated M- hvopneumoniae to attach to ciliated 
cells (Table 4), suggests that proteins and polysaccharides on the surface of the organisms 
may play a role in attachment. It was previously observed that periodate removed a 
negatively charged, ferritin-labeled layer of the mycoplasmal surface thought to be 
composed of polysaccharides. This layer might be intermingled with protein, since 
trypsinization of mycoplasmas removed an intermediate, mostly protein layer and part of 
the ferritin-labeled layer^S. 
Failure of carbohydrates to inhibit attachment (Table 5), suggested that none of the 
sugars used blocked attachment sites on the mycoplasmal surface and, therefore, might not 
be contained in host cell receptors. On the other hand, inhibition of attachment by sulfur-
containing compounds such as dextran sulfate, ammonium sulfate, magnésium sulfate, and 
methionine (Table 6) suggested that sulfur-containing molecules may be part of the 
receptor(s) on target cells. It was recently reported that suifatides and sulfated 
glycolipids"'3 and glycoproteins containing terminal galactose-beta-1 -4-N-
acetylglucosamine^ 3'^ 4 were able to bind M- pneumoniae 13. Preincubation of M-
pneumoniae with suifatides and glycoproteins was required for total inhibition of 
attachment of the organisms to cultured cells'' 3. Our results suggest that M-
hvopneumoniae recognizes sulfur-containing receptors on target cells. In order to 
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confirm this suggestion, assessment of adherence of the organism to immobilized 
suifatides, and competitive attachment-inhibition assays using sulfatides as blocking 
agents should be performed. 
Incubation of the itiycoplasma-ciliated cell suspensions with tetramethyl-urea, in 
the absence of salt, or at 0 C, decreased adherence of M- hyopneumoniae to tracheal cells, 
indicating that hydrophobic interactions have a role in the process of attachment (Table 
7). This speculation might be supported by the findings of Whittlestone 27 who reported 
that M- hyopneumoniae could be grown attached to the glass surface of cover slips, 
indicating occurrence of hydrophobic adherence. Tetramethyl-urea was reported to 
inhibit adherence of Streptococcus salivarius to saliva-coated hydroxyapatite by breaking 
hydrophobic bonds^S, Additionally, adherence of M- pulmonis to red blood cells was 
abolished by incubating mycoplasmas and erythrocytes at 0 C, and greatly diminished when 
no salt was added to the mixture^ 9. The authors attributed these effects to the hydrophobic 
nature of the interactions between M- pulmonis and red blood cells. Although incubation at 
low temperature or treatment with tetramethyl-urea diminished attachment of M-
hyopneumoniae to cilia, it did not abolish the process. Also, although morphology of 
M.hvopneumoniae was unchanged, ciliated cells were not well conserved morphologically in 
sucrose-tris buffer and this event might have affected attachment. Consequently, 
importance of hydrophobicity in adherence of M- hvopneumoniae to ciliated cells, although 
possible, must not be overestimated. We could speculate, like Minion et al.^ 9 for m. 
pulmonis, that adherence of M- hvopneumoniae to porcine respiratory ciliated cells is a 
multiphasic process in which nonspecific interactions (hydrophobic) dominate an initial 
recognition phase. In a second phase putative ligand-receptor moieties interact after a 
possible molecular rearrangement of the target surface. This model is consistent with 
previous findings in our laboratory. It was reported that improved hemagglutination of 
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turkey red blood cells by M- hvopneumoniae was obtained when red blood cells were 
trypsinized, suggesting that modification of their surface created a better exposure of 
binding sites''^. 
Further work should be done in order to discover which component of the 
mycoplasmal surface is involved in adherence to target cells. The nature of host cell 
receptors should also be investigated. Perhaps recombinant DNA techniques will allow 
production of large amounts of highly purified M- hvopneumoniae surface proteins to use 
for study of their function in adherence. The model reported here could be useful for such 
assays. 
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SECTION II: MORPHOLOGY AND HYDROPHOBICITY OF THE 
CELL SURFACE OF MYCOPLASMA HYOPNEUMONIAE 
Morphology and hydrophobicity of the cell surface of Mycoplasma hyopneumoniae 
Gustavo C. Zielinski. DVM. MS. and Richard £. Ba&S, DVM, EIlD 
This paper has been accepted for publication in the American Journal of Veterinary 
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SUMMARY 
Cell surface hydrophobicity of Mycoplasma hvopneumoniae was evaluated by phase 
partitioning in a hydrocarbon-aqueous mixture, by hydrophobic interaction 
chromatography (HIC) and by "salting out" with ammonium sulfate. Results obtained using 
these techniques give evidence that the cell surface of M- hyopneumoniae is weakly 
hydrophobic when compared to strongly hydrophobic Staphylococcus aureus Cowan I and 
hydrophilic Klebsiella pneumoniae. After treatment of the organisms with trypsin, M-
hyopneumoniae became less hydrophobic as measured by HIC. No significant changes in 
hydrophobicity were seen after periodate treatment. Electron microscopy (EM) of M-
hvopneumoniae treated with polycationic ferritin, revealed an intermediate, compact, 
unlabeled layer between the cytoplasmic membrane and an external, heavily labeled layer. 
Electron micrographs of ferritin labeled M- hvopneumoniae after treatment with trypsin 
or periodate indicated that the intermediate layer was composed of a trypsin-sensitive 
protein(s). The outer layer was made of periodate-sensitive carbohydrate(s). Therefore, 
it appears that proteins in the intermediate layer confer at least part of the total 
hydrophobicity of the mycoplasmal cell and may contribute to adherence of M-
hvopneumoniae to target respiratory cells by hydrophobic interactions. 
INTRODUCTION 
Colonization of the porcine respiratory mucosa by Mycoplasma hvopneumoniae 
occurs early in the development of mycoplasmal pneumonia. Adherence of the organisms to 
respiratory epithelium is essential for colonization because unattached mucus-borne 
entities are eliminated from the respiratory tract via muco-ciliary clearance. However, 
the mechanism(s) of adherence has not been determined. High surface hydrophobicity in 
Escherichia coli has been related to presence of K 88+, type I and other pill and 
colonization factor antigens (CFA I or CFA il)"'>2, These surface structures mediate 
attachment to host tissues, predominantly the intestinal mucosa^, and may play essential 
roles in enteropathogeniclty. 
Recently, high surface hydrophobicity was correlated with increased adherence to 
saliva-coated hydroxyapatite beads by Streptococcus mutans serotype C3, and 
Streptococcus salivarius K+4. and adhesion of Salmonella tvphimurium to mineral 
particles^. Hydrophobicity was attributed to proteins on the surface of the organisms, 
most of which were noncapsulated 4,6-8. However, not all noncapsulated organisms are 
hydrophobic. Several capsulated and noncapsulated species of staphylococci were 
hydrophobic and hydrophilic, respectively^. Carbohydrate capsules generally confer 
hydrophilic properties to bacterial surfaces. Hydrophobic interactions have been 
investigated in only a limited number of mycoplasmas. Hydrophobic moieties of 
glycophorin, a red blood cell (RBC) surface glycoprotein, were implicated in attachment of 
Mycoplasma oallisepticum to RBCs^. Mvcoplasma pulmonis membrane proteins were also 
shown to be able to interact with RBCs through hydrophobic interactions''0. 
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Morphology of the glycocalyx of M- hvopneumoniae has been investigated only to a 
limited extent. It has been reported that anionic sites on the outer surface of several 
Mycoplasma sp. consisted of lipid phosphate groups. The label used for visualizing those 
sites was polycationic ferritin'' 1. This label was also used for stabilizing and delineating 
capsular material in EM studies of other bacterial species'* 2. 
The objectives of the study reported here were to investigate the hydrophobic 
properties of the surface of M. hyopneumoniae. to characterize the surface components 
responsible for that property by means of enzymatic and chemical treatment of the 
mycoplasmal cells, and to utilize EM to visualize the mycoplasmal surface and the effects of 
these treatments. 
MATERIALS AND METHODS 
Mycoplasma hvopneumoniae- Strain 232 FA1 (passage 26) of M- hvopneumoniae was used. 
It was derived from strain 232^ 3 by filtration of a broth culture of a parent strain in 
Friis mycoplasma medium^ as previously described"'4. Strain 232 FA1 (passage 76) was 
derived from the former culture by 50 additional passages in broth medium. For 
hydrophobicity assays, M- hyopneumoniae was cultured for 48 hours at 37 C in Friis 
medium, harvested at 22,000 x g for 10 min at 6 C, washed two times with phosphate-
buffered saline solution (PBSS), and resuspended in PBSS at an absorbance (Agoonm) of 
0.4. 
Staphylococcus aureus- Staphylococcus aureus strain Cowan I (ATCC 12598) was used as 
hydrophobic control^. The organism was cultured in Friis medium for 12 hours at 37 C, 
harvested at 10,000 x g for 10 min at room temperature, washed two times with PBSS, 
and resuspended in this buffer at an Agoonm of 0.4. 
Klebsiella pneumoniae- Klebsiella pneumoniae strain H3013 M3, isolated from the 
mammary gland of a sow^ was used as the hydrophilic control. It was also cultured in Friis 
medium for 12 hours at 37 C, harvested at 10,000 x g for 10 min at room temperature, 
washed two times with PBSS and resuspended in this buffer at an AgoOnm of 0.4. 
3 Friis NF. Mycoplasmas in pigs with special regard to the respiratory tract. Ph.D. 
thesis. Royal Veterinary and Agricultural University, Copenhagen, 1974. 
b Orning AP. Comparison of Klebsiella pneumoniae from mastitis and normal swine and 
their environment. M.S thesis. Iowa State University, Ames, lA, 1975. 
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Hydrophobicity assays- Hydrophobicity testing was conducted according to tliree 
previously described methods; partitioning in the hydrocarbon phase of a hydrocarbon-
aqueous emulsion"'5, hydrophobic interaction chromatography (HIC)16, and "salting out" 
with ammonium sulphate 
For hydrocarbon partitioning, 1 ml of n-hexadecane^ or n-octane^ was mixed with 
5 ml of the appropiate microbial suspension in a glass tube by vortexing for 30 seconds. 
Absorbance of the aqueous phase was measured after 10 min and percent of initial 
absorbance was calculated. Organisms were classified as hydrophobic or hydrophilic 
according to previously described criteria^. If the percentage of absorbance in the aqueous 
phase was 90% or more of the original absorbance, the strain was designated hydrophilic; 
samples with absorbance values of 89% or less were categorized into three groups: those 
with 80-89% of pretreatment absorbance were considered weakly hydrophobic; those 
with 20-79% absorbance were hydrophobic; and those with less than 20% absorbance 
were strongly hydrophobic. 
For HIC, columns were prepared in Pasteur pipettes of 5 mm diameter plugged with 
glass wool"'®. Phenyl-sepharose^ was poured into the pipette to form a 5 cm column. 
Columns were washed with 10 ml of 4N NaCI and the contents stabilized with 20 ml PBSS. 
One hundred microliter samples of the same microbial suspensions used for hydrocarbon 
partitioning were used to load the column. After 15 min the column was flushed with 5 ml 
PBSS. Proportion of bacteria in the original suspension and the eluate were quantified by 
assessment of cellular ATP using the luciferin-luciferase reaction^ 8,19_ as adapted in 
this laboratory^. Retention of organisms in the column was considered to be produced by 
c Sigma Chemical Co. St. Louis, MO. 
d Young TF. Vet Med Vet Res Institute, Iowa State University. Ames, lA. 
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hydrophobic interactions between the organisms and the hydrophobic matrix of the column. 
Percentage of retention was calculated as follows; 
% retention: 100 - amount ATP eluted x 100 
amount ATP loaded 
The "salting out" procedure was carried out with a suspension of 10^1 color 
changing units (CCU)/ml of mycoplasmas; density of suspensions of control organisms was 
made equivalent to that of a No. 10 tube of the Mac Fariand nephelometer. One drop of this 
suspension was mixed with one drop of 1.5, 1, 0.5, 0.2, 0.1, 0.01, or 0.001 M 
(NH4)2S04 on glass slides. After 10 minutes the bacteria/salt solution mixture was 
observed for the presence of bacterial aggregation^^. The most hydrophobic organisms 
aggregated at the lowest concentration of (NH4)2S04 . 
Trvpsin and periodate treatment- Suspensions of M- hvopneumoniae (1o10CCU/ml) or 
control organisms (No. 10 Mac Fariand) were mixed with equal volumes of trypsin® (1 
mg/ml), or 0.01 M solution of sodium metaperiodate in PBSS. Tubes containing both 
treatments were incubated for 30 minutes at 37 C in a water bath; the organisms were 
then washed twice by centrifugation at 22,000 x g and resuspended to the original volume 
in PBSS. 
Labeling with polycationic ferritin- Microorganisms with or without trypsin or periodate 
treatment as described above, were fixed in 3% glutaraldehyde in 0.1 M 
6 Type XI. Sigma Chemical Co. St. Louis, MO. 
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cacodylate buffer, pH 7.2, for 2 hours in an ice bath. After fixation organisms were 
washed 3 times in cacodylate buffer, pellets were resuspended in 1 ml cacodylate buffer 
and passed through a 27 G needle to disperse aggregated cells. Cationized ferritin^ was 
added to a final concentration of 1 mg/ml and the mixture was incubated for 30 minutes at 
room temperature^^. The mixture was then diluted 1:10 in cacodylate buffer, washed 
twice in the same buffer and processed for electron microscopy. 
Electron microscopy- Samples fixed in glutaraldehyde and labeled with ferritin were 
post-fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.2, for 2 hours at 
room temperature, washed with distilled water, dehydrated in a graded series of acetone of 
50, 75, 95 and 100% and embedded in Epon 812 resin. Thin sections were cut with a 
diamond knife, stained with 2% uranyl acetate and Reynolds' lead citrate and examined in a 
Hitachi transmission electron microscope at 75 KV. 
Statistical analysis- Results of hydrophobicity tests were analyzed using Student t-test. 
Differences were considered significant when P values < 0.05 were obtained. 
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RESULTS 
Hvdrophobicity tests- Results obtained with hydrocarbon partitioning indicated that M-
hvopneumoniae was hydrophobic to weakly hydrophobic (Table 1). Similarly, NIC 
revealed that the organism acted like the hydrophobic control (Table 2). When 
hydrophobicity was measured by "salting out", the minimal molarity at which aggregation 
of M. hvopneumoniae was produced was 1.51^. Staphylococcus aureus (hydrophobic 
control) aggregated when treated with a 0.2fwl (NH4)2S04 solution, while no aggregation of 
K. pneumoniae (hydrophilic control) was observed within the range of concentrations used 
(Table 3). 
Trvpsin and periodate treatment- As determined by hydrocarbon partitioning, 
trypsinization of M- hvopneumoniae and K- pneumoniae had no effect on hydrophobicity, 
whereas the hydrophobic control (S. aureus) became significantly less hydrophobic (Table 
1). When hydrophobicity was assessed by NIC, trypsinization caused M.hyopneumoniae to 
become less hydrophobic, whereas the hydrophobic and hydrophilic controls were 
unchanged (Table 2). Mycoplasmas and staphylococci aggregated spontaneously in PBSS 
after trypsinization. Therefore, the effect of trypsin on hydrophobicity of the organisms 
could not be determined by the "salting out" technique. 
When M. hvopneumoniae was treated with periodate the organisms were more 
hydrophobic as asessed by hydrocarbon partitioning, but differences were not statistically 
significant. Hydrophobicity of Staphvlococcus aureus was unchanged, but the hydrophilic 
control, Klebsiella pneumoniae became hydrophobic (P<0.05). ATP was not detected in 
any samples following treatment with periodate; therefore, the effect of periodate on 
hydrophobicity could not be determined by HIC. 
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Table 1. Cell surface hydrophobicity of M- hyopneumonlae before and after treatment with 
trypsin and periodate, as measured by partitioning in hydrocarbons. 
% of initial Agoonm 
Hydrocarbon 
Hexadecane Octane 
Untreated Trypsin Periodate Untreated Trypsin Periodate 
Organism treated treated treated treated 
a* a a a a a 
M. hyopneumoniae 77±10a 77±6a 63±13a 71±7a 80±6a 63±.15a 
S. aureus 16±9b 64±.14b 28±15b 15±9b 87±10a 25±7b 
a a a a a b 
K. pneumoniae 98±4c 95±9c 56±.23a_b 99±3c 95±8a 60±12a 
* Figures with different superscript letters in a row differ significantly (P<0.05). 
Figures with different subscript letters in a column differ significantly (P<0.05). 
Values are the means (± standard deviation) of at least three different experiments with 
triplicate samples. 
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Table 2. Cell surface hydrophobicity of M- hyopneumoniae before and after treatment 
with trypsin as measured by HIC. 
% retained in the column* 
Organism Untreated Trypsinized 
a b 
M. hyopneumoniae 94±3a 58±5b 
a a 
S. aureus 97±.1a 98±1b 
a a 
K. pneumoniae 23±.10b 21±12c 
* Figures with different superscript letters in a row differ significantly(P<0.05). 
Figures with different subscript letters in a column differ significantly(P<0.05). 
Values are the means (± standard deviation) of at least two experiments with triplicate 
samples. 
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Table 3. Cell surface hydrophobicity of M- hvopneumoniae as measured by "salting out" 
with ammonium sulfate. 
ionic strength of 
Organism (NH4)2S04 solution* 
M- hvopneumoniae 1.5M 
S. aureus 0.2M 
K. pneumoniae >1.5M# 
'Minimal concentration at which aggregation of cells was observed. 
# Aggregation not observed even at the highest concentration used {1.5M) 
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gififîfron microscopy- Observation of M- hyopneumoniae by electron microscopy after 
labeling with polycationic ferritin, revealed a glycocalyx composed of two layers. The 
layer adjacent to the cytoplasmic membrane, was approximately 12 nm thick; whereas the 
external layer was 20-36 nm thick. The latter was labeled with ferritin granules (Figure 
1). After trypsinization, the intermediate layer of M. hyopneumoniae almost disappeared 
(Figure 2). The ferritin label appeared to be in contact with the cytoplasmic membrane 
(Figure 2). After treatment with periodate, the intermediate layer was intact, but the 
external, formerly ferritin labeled layer was gone (Figure 3). 
After trypsinization, the hydrophobic control (Staphylococcus aureus^ lost part of 
its most external layer and ferritin was in direct contact with the cell wall of the 
organisms (Figure 4-5). The hydrophilic control (Klebsiella pneumoniae), on the other 
hand, lost part of its ferritin labeled layer after periodation (Figure 6-7). 
Figure 1. Electron micrograph of M. hyopneumoniae labeled with polycationic ferritin. 
Observe cytoplasmic membrane (CM), intermediate layer (IL), and ferritin 
labeled layer (FL). Bar = 100 nm. 

Figure 2. Electron micrograph of M- hyopneumoniae treated with trypsin and labeled 
with polycationic ferritin. Intermediate layer has disappeared. Bar = 100 
nm. 

Figure 3. Electron micrograph of M- hvopneumoniae treated with sodium periodate. No 
ferritin label can be observed. Bar = 100 nm. 
m 
Figure 4. Electron micrograph of Staphylococcus aureus labeled with polycationic 
ferritin. Bar = 100 nm. 

Figure 5. Electron micrograph of Staphylococcus aureus after trypsinization and 
ferritin labeling. Note sections of the external layer sloughing off the cell 
surface (arrow). Bar = 100 nm. 

Figure 6. Electron micrograph of Klebsiella pneumoniae labeled with polycationic 
ferritin. Bar =100 nm. 

Figure 7. Electron micrograph of Klebsiella pneumoniae after treatment with-pcriodate. 
Note decreased amount of label. Bar = 100 nm. 
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DISCUSSION 
According to criteria proposed by Reifsteck et ai^results obtained by hydrocarbon 
partitioning indicate that the surface of M. hvopneumoniae is hydrophobic to weakly 
hydrophobic (Table 1). Results obtained by hydrophobic interaction chromatography and 
"salting out" methods agreed with results obtained by hydrocarbon partitioning for intact 
mycoplasmas, although small differences in degree of hydrophobicity were found (Tables 2 
and 3). Mycoplasmas were as strongly hydrophobic as staphylococci, the hydrophobic 
control, when evaluated by HiC (Table 2). However, the mycoplasmas aggregated at a 
higher molarity than staphylococci in the "salting out" procedure, denoting lower 
hydrophobicity than the hydrophobic control (Table 3). Klebsiella pneumoniae, on the 
other hand, was not highly retained in the hydrophobic column (Table 2) and did not 
aggregate at the concentrations of (NH4)2S04 used, thus confirming high hydrophilicity 
presumably because of its polysaccharide glycoca!yx21 (Table 3). 
Assessment by HIC revealed that trypsin reduced (P<0.05) hydrophobicity of M-
hvopneumoniae (Table 2). These results may mean that surface proteins or protein-
associated molecules are responsible for hydrophobic properties of the organism. 
However, discrepancies between the hydrophobicity tests were detected. No differences in 
hydrophobicity values were seen after trypsinization of the mycoplasmas when they were 
partitioned in the hydrocarbon. On the other hand, staphylococci became less hydrophobic 
after trypsinization when measured by the partitioning method. This observation coincided 
with results obtained previously with staphylococci^, Streptococcus salivarius^. and 
Pasteurella muitocidaS. Our failure to detect changes in hydrophobicity of staphylococci 
by HIC after trypsinization may be related to previous variability in results obtained 
using this technique^^. It has been speculated that estimations of surface hydrophobicity 
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reflect either overall surface of the organisms (e.g. partitioning method), or the binding of 
bacteria to a hydrophobic ligand (e.g. HIC)22. This latter method may require that only a 
small fraction of the total bacterial surface be hydrophobic. This could explain results we 
obtained with staphylococci. Examination by transmission electron microscopy revealed 
that sections of the external layer of trypsinized staphylococci were sloughing off, leaving 
portions of the cell wall uncovered (Figure 5) when compared to untreated organisms. 
Portions of the external layer apparently remained intact. These intact portions of the 
external surface could have been responsible for the interaction with the hydrophobic 
matrix in NIC. The overall hydrophobicity measured by the partitioning method was 
decreased. For M- hvopneumoniae. disappearance of the intermediate proteinaceous layer 
(Figure 2) might mediate a slight decrease in overall hydrophobicity not detectable by 
partitioning in hydrocarbons (Table 1). Since removal of the intermediate proteinaceous 
layer appeared to be uniform over the surface of the cell, most of the hydrophobic ligands 
to the Sepharose column could have been removed; consequently, hydrophobicity measured 
by HIC was decreased. Therefore, differences in results obtained with staphylococci and M-
hvopneumoniae with HIC after trypsinization can be explained. Lipid-modified proteins 
reported to be on the surface of M- hyopneumonlae^^ may be major factors in the overall 
hydrophobicity of the cells; therefore, we may speculate that tryptic removal of lipid-
modified proteins caused the decreased hydrophobicity of the organism. 
Klebsiella pneumoniae became hydrophobic (P<0.05, table 1) and M-
hvopneumoniae tended to be more hydrophobic as determined by hydrocarbon partitioning 
after treatment with periodate. The differences were not significant because of the large 
variation between experiments. These changes might be explained by the EM observations. 
The external, ferritin labeled layer of mycoplasmas (Figure 3), and that of K. pneumoniae 
(Figure 7) disappeared or were reduced after treatment with periodate. The capsule of 
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Klebsiella so. consists of acidic polysaccharides^^ which offer ample anionic sites for 
binding of cationic ferritin. Surface polysaccharides were reported to be oxidized and 
disrupted by treatment with periodate24. Therefore, we can assume that Klebsiella's 
surface became more hydrophobic because of oxidation and disruption of surface 
polysaccharides. Anionic sites on some Mycoplasma species were shown to be mainly lipid 
phosphate groups'! 1,25. Although our results do not rule out the existence of such groups 
on the glycocalyx of M- hyopneumoniae. they suggest the existence of carbohydrates. After 
periodation, changes in morphology of the external layer of the mycoplasmal glycocalyx 
resembled those occurring in the polysaccharide capsule of the K- pneumoniae. 
Hydrophobic interactions may initiate adherence of microorganisms to host tissues. 
As a consequence of a study of interactions between Mycoplasma pulmonis and RBC surface 
compounds, Minion et al proposed that at least two different stages occurred in the 
adherence process to eukaryotic cells. Long range, attractive hydrophobic forces initiated 
the first contact between mycoplasmas and RBCs; next, molecular rearrangements of the 
eukaryotic cell surface exposed cryptic interaction sites that could be recognized by 
specific mycoplasmal proteins, and the membranes became firmly anchored^ 0. Others 
proposed that the early attachment stage of bacterial adhesion depended on the relative 
hydrophobicity of the three interacting components: bacteria, substrate and suspending 
liquidas. At constant hydrophobicity of substrate (receptors in target cells) and 
suspending liquid (mucosal secretions of the respiratory tract of pigs), the absolute level 
of adhesion due to hydrophobic interactions was seen to be species specific and related to 
hydrophobicity of the adhering organismes. High hydrophobicity values of the suspending 
liquid led to decreased adhesion of bacteria to substrate, while increased adherence was 
observed in suspending liquid of low hydrophobicity^^. It was proposed that, among 
others, an important function of all types of mucus is to contribute to maintenance of 
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mucosal water balance by providing a local source of water to the mucosa27. Therefore, 
we can speculate that mucosal secretions of the respiratory tract of pigs are hydrophilic in 
nature, and thus are unable to prevent hydrophobic interactions between hydrophobic 
moieties of the surface of M- hyopneumoniae and putative receptors of target cells. 
In summary, the giycocalyx of M- hvopneumoniae is apparently constituted of 
intermingled proteins and carbohydrates. Proteins predominate in the intermediate layer 
and carbohydrates in the most external layer. Hydrophobic interactions could be 
important in attachment of M- hvopneumoniae to host tissues. Hydrophobic moieties of 
surface lipoproteins already described in this organismes and presumably major 
constituents of the intermediate layer, could be responsible for these interactions. In 
vitro models for adherence of M. hvopneumoniae to ciliated swine respiratory cells may 
enhance understanding of the adherence process between mycoplasmas and target cells. 
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SECTION III: EFFECT OF PASSAGE LEVEL IN VITRO ON PATHOGENICITY 
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Effect of passage level in vitro on pathogenicity and phenotypic expression of Mycoplasma 
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SUMMARY 
Variation in phenotypic expression of Mycoplasmas has been proposed as a 
mechanism whereby these organisms circumvent the host immune response and cause 
chronic disease. In order to gain insight to the mechanisms utilized by Mycoplasma 
hvopneumoniae in mycoplasmal or enzootic pneumonia of swine, we evaluated the effect of 
passage level on pathogenic potential for swine and in vitro expression of selected traits. 
Intermediate passage and high passage strains of M- hyopneumoniae strain 232 (2321 and 
232H) were compared utilizing pig inoculation, sodium dodecyl sulfate- poiyacrylamide 
gel electrophoresis (SDS-PAGE) and immunoblotting. A limited repertoire of monoclonal 
antibodies (Mab) was utilized for immunoblotting. Whole colonies of the organism were 
probed with Mab using an immunobinding assay on nitrocellulose imprints. Colony size 
and transparency was also assessed. Following inoculation with strain 2321, pigs had an 
average of 2±1.9% of the lung surface with pneumonia, whereas no pneumonia was 
detected in lungs of pigs inoculated with strain 232H. Protein patterns obtained with SDS-
PAGE revealed no differences between strains 2321 and 232H. Cultures of 2321 formed 
both large and small colonies on agar. Attempts to select for ability to form stable pure 
populations of large or small colonies with strain 2321 were unsuccessful. No evidence of 
variation based on colony transparency was observed. While passage of strain 232 
appeared to attenuate virulence, we were unable to relate this difference in virulence to 
any phenotypic trait of the organism. Nor could we detect inter- or intrastrain phenotypic 
variation based on reaction with the limited repertoire of Mab. 
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INTRODUCTION 
Chronicity of mycoplasmal infections in humans and animals is thought to be 
mediated by the ability of the organisms to evade host surveillance, possibly by changing 
the expression of surface antigens'' Earliest evidence of phenotypic variation in the 
mycoplasmas was reported when Liss and Heiland^ described opaque and transparent 
colony variants in cultures of M- pulmonis. Colony variants were related to the type of 
serum used in growth medium. It was also observed that the M- pulmonis variants yielded 
unique polypeptide and DNA electrophoretic profiles. Subsequently it was reported that 
colony size of M- pulmonis was also a variable and inheritable phenotypic trait; size 
variation was correlated with changes in electrophoretic mobility of a surface antigen 
designated V-l®. Severity of disease in individual mice was directly proportional to the 
number of V-1 variant clones recovered from each mouse^. Further assessment of M-
pulmonis virulence attributes revealed no relationship between pathogenicity and colony 
opacity, hemadsorptive ability, hemolytic ability, or mitogenic ability^. Since different 
strains of M- pulmonis induced disease that differed both qualitatively and quantitatively, 
virulence of M- pulmonis was proposed to be multifactorial^. 
Antigenic variability in M- hyorhinis was demonstrated utilizing metabolism 
inhibition and growth inhibition tests and it was proposed the the seven strains of the 
organism evaluated be placed into subtypes based on their reactivity in these tests^. More 
recently, it was reported that M- hyorhinis expressed at least two sets of different sized 
surface proteins, bearing defined epitopes recognized by two different Mab^. Utilizing a 
Mab, Rosengarten and Wise'* demonstrated that variable expression of antigens in M-
hyorhinis was associated with variations in colony opacity and diameter. 
1  0 2  
Marked heterogeneity among strains of M- ovioneumoniae was demonstrated 
utilizing SDS-PAGE^0-11_ restriction endonuclease analysis^ 0 and immunoblottingi 1. 
Profiles obtained with a given strain were stable after 20 passages in vitro; however, the 
marked heterogeneity among strains suggested that a mechanism for antigenic variation 
may be operational in that species. Evidence for antigenic diversity among strains of M-
hvopneumoniae was obtained utilizing two-dimensional immunoelectrophoresisl^, growth 
and metabolism inhibition"'2 and immunoblotting^^. 
The purpose of the work reported here was to determine the effect of in vitro 
passage on pathogenic potential of M- hyopneumoniae. to characterize the phenotypic 
changes occurring during passage and to relate, if possible, changes in phenotypic 
character to changes in virulence for swine. 
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MATERIALS AND METHODS 
Strains of M. hvopneumoniae- Strains 232 FA1 p27l4 and 232 FA1 p76l4, 
(subsequently designated 2321 and 232H, respectively), were derived by filter-
cloninglS strain 232 and passaged in Friis mycoplasma broth® 27 and 76 times 
respectively. Strain 232 was recovered from the lung of a pig inoculated with a culture of 
strain 11, which was a strain lyophilized by Switzer in 1967b. Strain 144 L SCI 3AF 
pi 5 was a filter-cloned derivative of strain 144 [16, it was also passaged in vitro 50 
times. Strain J was originally obtained from the American Type Culture Collection (ATCC 
25934). It was maintained in vitro in the laboratory, and was used in the 60*^ passage. 
Strain 1262 was a field strain isolated in this laboratory. It was triple-cloned and used in 
the 45(h passage. 
Experimental induction of mvcoDlasmal pneumonia- Methods for induction of mycoplasmal 
pneumonia in pigs have been reported previously^ Briefly, 10 ml of a 48-hour culture 
of strains 232 I or H in Friis mycoplasma broth were inoculated intratracheally in 6-
week-old specific-pathogen-free pigs obtained from an isolated herd maintained at the 
Iowa State University Animal Resource Station. The pigs were mantained in isolation 
rooms, observed daily for coughing and euthanized after 28 days for evaluation at 
necropsy. 
3 Friis NF. Mycoplasmas in pigs with special regard to the respiratory tract. Ph.D thesis. 
Royal Veterinary and Agricultural University, Copenhagen, 1974. 
b Switzer, WP. Coll. Vet. Medicine, Iowa State University, Ames: Personal 
communication. 
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Evaluation of the disease- Severity of disease and intensity of mycoplasmal infection were 
evaluated by calculation of the area of consolidation in lungs, by direct 
immunofluorescence of frozen lung sections, and by bacteriological culture procedures'* 
Briefly, at necropsy, after excision of trachea and lungs, pneumonic lesions were sketched 
on a standard lung drawing, and the proportion of lung with lesion estimated using an image 
analyzer^. Detection of M- hvopneumoniae in lung was carried out by means of direct 
immunofluorescence^ 7 and by culture procedures as described previously'' 
Gel electrophoresis and imunoblottino- Mycoplasma hvopneumoniae antigens were 
solubiiized, electrophoresed in polyacrylamide and electrophoretlcally transferred to a 
nitrocellulose membrane as described previouslyl^. Briefly. M. hvopneumoniae was 
solubiiized in a solution of 2% sodium dodecyi sulfate, 5% 2-mercaptoethanol, and 10% 
glycerol in 62.5mM tris-HCI pH 6.8. Solubiiized components were separated by SDS-
PAGE in 10% polyacrylamide gel. Coomasie blue was utilized for staining proteins. For 
immunoblotting, proteins were transfered to a nitrocellulose membrane overnight, at 0.3 
A in a 0.25mM phosphate buffer, pH 7.5. After transfer, membrane was cut into 0.8 cm 
strips, incubated 1 hour in 10mM tris-HCI pH 7.4 containing 0.05% Tween 20 (TST) as 
blocking agent, incubated 2 hours with test sera or Mab at the appropriate dilution, washed 
in TST, and incubated 2 hours with horseradish-peroxidase-conjugated rabbit anti-swine 
IgG or goat anti-mouse IgG. Bands were developed by reacting the strips with 0.01% 
hydrogen peroxide and 0.0025% 0-dianisidine in lOmM tris-HCI. The reaction was 
stopped by washing the strips with water. 
c MOP-3 Image analyzer, Carl Zeiss.; Thornwood, NY. 
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Monoclonal antibodies- Most Mab (Table 1) were provided by B. Erickson, Veterinary 
Medical Research Institute, Iowa State University. Two monoclonal antibodies (F188C42A 
and F187C84A) were kindly supplied by M, Kim, Department of Molecular Microbiology 
and Immunology, University of Missouri at Columbia. 
Colony immunobinding- The method described by Kotani and McGarrity^ with slight 
modifications, was utilized for assessment of expression of antigen by colonies. 
Mycoplasma hvopneumoniae strain 2321 was grown on Friis agar for 10 days in a candle 
Table 1. Monoclonal antibodies against M- hyopneumoniae used for immunoblotting and 
colony immunobinding 
Mab 
identification 
ig 
class 
Antigen recognized 
in immunoblots 
14.4 lgG2b1 41,000-D 
27.10 lgG2b1 64,000-D 
lgG2a 
30.4 lgG3 110,000-D 
41.4 lgG3 41,000-D 
36.1 igM 
lgG2a 41,000-D 
40.28 lgG3 41,000-D 
48.1 lgG2a 41,000-D 
77.19 lgG3 41,000-D 
80.1 IgM 64,000-D 
F188C42A IgGi 65,000-D 
F187C84A lgG2a 44,000-D 
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jar at 37 C. Twenty four hours before blotting, agar plates were put in the refrigerator at 
4-8 C. Nitrocellulose sheets^ were cut in 1 cm squares, washed with distilled water, air-
dried, placed on the agar surface, and pressed gently with an L-shaped glass rod to assure 
complete contact with the agar. Sheets with colonies adhered were removed from the agar 
surface and fixed with buffered formalin for 10 minutes. After fixation, nitrocellulose 
sheets were treated as described for immunoblotting. Briefly, sheets were washed in TST, 
reacted with the appropiate dilution of test sera or Mab, washed in TST, reacted with the 
appropriate peroxidase conjugate, and developed with 0-dianisidine. Sheets were observed 
in an Olympus SZA stereoscope, at a magnification of 30-60X under a 45 degree oblique 
illumination system. 
Assessment of colony size and transparency- Mycoplasma hvopneumoniae strain 2321 was 
used in these studies. Plates of Friis agar medium were inoculated with 0.15 ml of a 10-3 
or 10-4 dilution of a broth culture of this strain and incubated for 10 days at 37 C in a 
candle jar. Plates were observed with a stereoscope with transmitted light and individual 
colonies of large and small size were picked with a sterile Pasteur pipette and inoculated 
into a tube containing 5 ml of Friis mycoplasma broth. Tubes were incubated in a roller 
drum at 37 C until turbidity and yellow color appeared. The broth cultures were then 
filtered through a 0.45 p. pore diameter filter in order to remove aggregates. Filtrates 
were serially diluted in Friis broth up to 10"'* and inoculated onto Friis agar plates, 
starting a new cycle. The original culture was subcloned 5 times. One hundred colonies of 
each lineage were measured to determine the colony size utilizing an image analysis 
d Bio-Rad Laboratories. Richmond, CA. 
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program®. Transparency was assessed by observation of the colonies on agar plates under 
oblique lighting with a stereoscope. 
Statistical analysis- Amount of pigs with pneumonia and amount of lung lobes with 
pneumonic lesions from pigs inoculated with M- hvopneumoniae strains 2321 and H were 
compared by the Chi square test. Diameters of mycoplasma colonies on agar plates were 
compared by analysis of variance. Differences were considered significant when p<0.05 
were obtained. 
® Program was written and determinations were performed 
Analysis Facility. Department of Vet. Anatomy. Coll. Vet. 
Ames, Iowa. 
by Margaret Carter. Image 
Med. Iowa State University, 
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RESULTS 
Necropsy findings, direct immunofluorescence, and culture procedures- One half of the 
pigs inoculated with strain 2321 had macroscopic lung lesions typical of mycoplasmal 
pneumonia (Table 2). None of the pigs inoculated with strain 232H had macroscopic 
lesions. Mycoplasma hyopneumoniae was detected by direct immunofluorescence in 8 of 56 
lung lobes examined from pigs inoculated with strain 2321, but in only 1 of 56 lung lobes 
from pigs inoculated with strain 232H (Table 2). On the other hand, the organism was 
reisolated from 7/8 and 6/8 lungs of pigs inoculated with strains 2321 and 232H, 
respectively. 
Electrophoretic pattern and immunoblottina- Protein profiles resolved by SDS-PAGE 
revealed no intrastrain differences between intermediate and high passage cultures of 
strains 232 or 144L, respectively. On the other hand, strain 144L had one protein of 
approximately 90,500-D that was not detected in strains 2321, 232H, 1262, or J, and 
did not have a protein of approximately 56,000-D that was expressed by the rest of 
strains compared (Figure 1). 
All Mab used reacted on immunoblots with their respective antigens. Monoclonal 
antibody 27.10 did not react with the 64,000-D antigen of strain 144L, 1262, and J; 
Mab 77.19 did not react with the 41,000-D antigen of strains 232 I and H (Table 3; 
Figure 2-4). 
Colonv immunobindino- When colonies from M- hyopneumoniae 2321 were transferred to 
nitrocellulose sheets and incubated with Mab, uniform staining occurred throughout the 
circumference of all colonies (Figure 5). 
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Table 2.  Prevalence and severity of pneumonia in pigs inoculated with intermediate level 
or high passage level cultures of Mycoplasma hyopneumoniae. 
Gross Immunofluo- Culture 
Strain lesions rescence procedure 
inocul. % 
Pigs with Lung lobes average Lobes posV Pigs posV 
lesions/ with lesions/ pneumonic total total 
total inocul. total exam. area examined examined 
2321* 4/8** 10/56** 2±1.9 8/56*** 7/8* * * 
232H 0/8 0/56 0 1/56 6/8 
*2321: M. hvopneumoniae strain 232 FA1 p27. 
232H: M- hvopneumoniae strain 232 FA1 p76. 
Significantly different (p<0.05) from pigs inoculated with strain 232H. 
Not significantly different (p>0.05) from pigs inoculated with strain 232H. 
Assessment of colonv size and transparency- Following selection and passage of small and 
large colony types of M- hvopneumoniae strain 2321 for 5 passages, no difference in 
proportion of small and large colony types was detected. A variable proportion of small 
colonies developed in lineages after each round of filter-cloning parent small colonies; the 
proportion of small colonies ranged from 6.4 to 48% (Table 4). Large colony type seemed 
to be more prevalent, since a large proportion of large colonies was obtained in all 5 cycles 
of filter-cloning large colonies. Small colonies were still observed in all lineages derived 
from large colonies (Table 4). All small and large colonies of all lineages appeared 
transparent; no opaque phenotype was observed. 
1  1  0  
Table 3. Reactivity of antigens from various strains of Mvcoplasma hyopneumoniae 
electrophoresed, transferred to nitrocellulose, and probed with selected Mab. 
STRAIN 
Mab 2321 232H 144L pi 5 144Lp65 1262 J 
27.10 + + - - - -
80.1 + + + + + + 
F188C42A + + + + ND* ND 
41.4 + + + + + + 
14.4 + + + + + + 
36.1 + + + + + + 
F187C84 + + + + ND ND 
40.28 + + + + + + 
48.1 + + + + + + 
77.19 - - + + + + 
30.4 + + + + + + 
* ND: Not done. 
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Table 4. Determination of colony diameter in subclones of large and small colony 
lineages of Mycoplasma hvopneumonlae strain 2321. 
Subclone 1 
Subclone 2 
Subclone 3 
Subclone 4 
Subclone 5 
Diameter of small 
colony lineages 
Parent colony 0.055^ 
0.097±0.07^(40)2 
0.266±.0.06 (6.4) 
0.1261.0.04 (28) 
0.156±0.03 (48) 
0.149±.0.04 (31) 
Diameter of large 
colony lineages 
0.210 
0.112±.0.05 (77)3 
0.204±.0.07 (96) 
0.2051.0.07 (92) 
0.233±.0.04 (88) 
0.125±.0.04 (72) 
^ Average diameter (in mm) ± standard deviation of 100 colonies. 
2 Indicates percentage of small colony type on agar plates for that particular subclone. 
3 Indicates percentage of large colony type on agar plates for that particular subclone. 
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Figure 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
protein profiles of Mycoplasma hyopneumoniae. Lanes a and b: M-
hvopneumoniae strains 2321 and H, respectively. Lanes c and d; M-
hyopneumoniae strains 144L SCI-3AF p15 and 65, respectively. Lane e: 
M. hyopneumoniae strain 1262 p45. Lane f: M- hvopneumoniae strain J 
p60. 
Figure 2. Immunoblotting of Mycoplasma hvopneumoniafi proteins. Lanes a and b: M- hvopneumoniae strains 232 I and H, 
respectively. Lanes c and d: M- hvopneumoniae strains 144 L SCI-3AF p15 and 65, respectively. Lane e: M-
hvopneumoniae strains 1262 p45. Lane f: M- hvopneumoniae strain J p60. Sera used: panel 1 : Mab 27.10; 
panel2; Mab 80.1; panel 3: Mab F188C42A. 
1 1 4  
- f ' r 
Figure 3. Immunoblolting of M- hvopneumoniae proteins. Lanes a and b: M- hvopneumoniae strain 232 I and H. Lanes c and 
d: M. hvopneumoniae strains 144 L SCI-3AF p15 and 65, respectively. Lane e: M- hvopneumoniae strain 1262 
p45. Lane f: M- hvopneumoniae strain J p60. Sera used: panel 1 : Mab 41.4; panel 2: Mab 14.4; panel 3: Mab 
36.1; panel 4; Mab F187C84. 
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Figure 3a. Immunoblotting of M- hvopneumoniae proteins. Lanes a and b: M- hvopneumoniae strain 232 I and H. Lanes c and 
d: M. hyopneufnoniae strains 144 L SCI-3AF pis and 65, respectively. Lane e: M- hvopneumoniae strain 1262 
p45. Lanef: M. hvopneumoniafi strain .1 pfin Sera used: panel 5: Mab 40.28; panel 6: Mab 48.1; and panel 7: 
Mab 77.19. 
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Figure 4. Immunoblotting of M- hyponeumoniae proteins. Lanes a and b: M- hvopneumoniae strains 232 I and H, 
respectively. Lanes c and d: M- hvopneumonlafi strains 144 L SCI-3AF p15 and 65, respectively. Lane e: M-
hyopneumoniae strain 1262 p45. Lane f: M. hvopneumoniae strain J p60. Sera used: panel 1 : Mab 30.4. Panel 2: 
Normal serum (complement-fixation test negative). Panel 3: Convalescent serum (complement-fixation test 
positive [1:128]). 
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Figure 5. IVIvcoplasma hvopneumoniae colonies imprinted on nitrocellulose and 
reacted with Mab 27.10 
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DISCUSSION 
Comparison of M- hvopneumoniae strain 232 passage levels 27 and 76 revealed 
that attenuation of ability to induce pneumonia occurred during passage of the strain in 
mycoplasma broth. Although strain 232H seemed to be nonpathogenic, it was able to 
colonize the respiratory mucosa in that it was recovered by culture from the lungs of 6 of 
8 pigs inoculated (Table 2). Colonization of host tissues may not be, per se, the only 
virulence attribute needed for induction of pneumonia. Other factors, such as: a cytotoxin, 
a mitogen, or an antiphagocytic component' may be additional virulence attributes of M-
hvopneumoniae that are required for induction of disease. 
Talkington et al.2 found that variation of electrophoretic banding patterns of 
antigen V-1 of M- pulmonis occurred in cultures propagated in vivo, as well as in vitro, 
and reported existence of a significant correlation between the severity of lung lesions and 
the number of different V-1 clones recovered from lungs of individual mice. We could not 
relate differences in pathogenicity of our two different passage level strains to differential 
expression of any antigens we examined. Immunoblots incubated with a limited panel of 
Mab recognizing three of five major antigens of M- hyopneumoniae reported previously^ ® 
revealed only limited inter- or intrastrain variation. 
We could speculate that, if the rate of antigenic variation in M- hvopneumoniae was 
high, after 48 hours of incubation in broth, antigenic expression should simulate a 
continuum. We tried to obtain evidence of such variability by incubating Mab with 
' Rosenbusch RF, Raje M, Almeida R, Campbell A. A surface-anchored superoxide 
dismutase of animal mycoplasmas is associated with conserved genomic sequences . 
Abstracts. 91 st General Meeting of the American Society for Microbiology. 1991; pp137. 
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imprints of M- hvopneumoniae colonies on nitrocellulose. Such shifting or variability in 
antigenic expression was observed in different sectors of colonies of M- hvorhinis by 
Rosengarten and Wise'*. Since we observed no sectorization, expression of the antigens 
recognized by the limited panel of Mab used must be uniform and not subject to phenotypic 
switching. Even Mab 77.19 that did not react in immunoblots with a 41,000-D antigen of 
strain 2321 and H reacted with nitrocellulose-bound colonies of the same strain, 
demonstrating that the antigen was being expressed by the organisms. Since strain 2321 
was virulent and no evidence of phenotypic switching was obtained, it is possible that: a) 
antigens other than the ones recognized by the Mab used are involved in phenotypic 
switching; b) a small subpopulation of organisms of strain 2321 is subject to phenotypic 
switching, but is below the sensitivity limits of our techniques; or c) phenotypic 
switching does not occurr in M. hvopneumoniae. 
The influence of growth medium on regulation of phenotypic and virulence 
attributes of M- hyopneumoniae should be further evaluated. It has been observed that M-
hvopneumoniae-infected lung homogenate was able to cause sloughing of cilia and 
ciliostasis when inoculated into tracheal ring cultures. On the other hand, organisms 
passaged in Friis broth 30 times had no effect on the tracheal rings9. These results 
suggested that factors responsible for cytotoxicity and ciliostasis were not expressed in 
cultures passaged in Friis mycoplasma broth. Similarly, expression of virulence factors 
responsible for pathogenicity of strain 232H could have been abrogated after 76 passages 
in vitro, whereas at least a portion of organisms in cultures of strain 2321 could have been 
9 DeBey MC, Ross RF. Ciliostatic and cytotoxic effects of Mycoplasma hyopneumoniae in 
vitro. iOM Letters. Vol 1. Program and Abstracts. 8'^ Int. Congress. International 
Organization for Mycoplasmology. 1990; pp315. 
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expressing the putative virulence factor(s). 
Dybvig et al.6 reported that high frequency of variation in colony size of M-
pulmonis was inheritable and related to variation in blotting patterns of surface antigen V-
1. They speculated that this variation in phenotypic traits of the organism might even be 
related to pathogenicity, since certain subpopulations appeared to have a greater capacity 
for colonizing mouse lung tissues than other subpopulations expressing different V-1 
patterns or colony size. Rosengarten and Wlse^ also defined several different colonial 
morphotypes in M- hvorhinis based on colony size and transparency, that could be purified 
and subcultured after several rounds of filter cloning. In our case, M- hvopneumonlae also 
showed great variation in colony size (Figure 5), although no differences in transparency 
were detected. However, after 5 rounds of filter cloning and elimination of the crowding 
effect by dilution of the filtrates inoculated onto agar, colonies developing were still 
heterogeneous in size. We can speculate that, since mycoplasmas tend to form small 
aggregates In broth culture, filtration did not totally eliminate these aggregates. 
Therefore, when the filtrates were inoculated onto agar plates, colonies might have 
developed from 1 organism or clusters of 2 or more organisms. In this way, colonies 
developing from a larger amount of organisms could have reached the log phase of culture 
earlier than those developing from a single organism, and after a similar time of 
incubation, the former would produce larger colonies than the latter. Consequently, this 
diversity in colony size detected in M- hyopneumoniae cultures might not be a genetically-
related phenomenon, but related to particular features of the mycoplasma-mycoplasma 
interaction in broth cultures. 
In summary, we could not prove that variation in phenotypic expression of four 
different strains and two different passage levels of M- hvopneumonlae occurred, nor could 
we relate changing pathogenicity of the organism after passage in vitro to a differential 
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phenotypic expression measured as variability in antigenic expression or diversity in 
colony morphology. Perhaps, analysis of the protein patterns by two dimensional gel 
electrophoresis and isoelectrofocusing would provide a more sensitive technique for 
analysis of the antigenic expression of the organism. Also, utilization of Mab against 
additional antigens could provide better potential for antigenic analysis. 
1 2 6  
REFERENCES 
1. Watson HL, McDaniel LS, Blalock DK, et al. Heterogeneity among strains and a high 
rate of variation within strains of a major surface antigen of Mycoplasma 
pulmonis. Infect Immun 1988; 56:1358-1363. 
2. Talkington DF, Fallon MT, Watson HL, et al. Mycoplasma pulmonis V-1 surface 
protein variation: occurrence in vivo and association with lung lesions. Microbial 
Pathogenesis 1989; 7:429-436. 
3. Boyer M J, and Wise KS. Lipid-modified surface protein antigens expressing size 
variation within the species Mycoplasma hyorhinis. Infect Immun 1989; 
57:245-254. 
4. Rosengarten R, and Wise KS. Phenotypic switching in Mycoplasmas: phase 
variation of diverse surface lipoproteins. Science 1990; 247:315-318. 
5. Liss A, and Heiland RA. Colonial opacity variation in Mycoplasma pulmonis. Infect 
Immun 1983; 41:1245-1251. 
6. Dybvig K, Simecka JW, Watson HL, et al. Hiah-frequencv variation in Mycoplasma 
pulmonis colony size. J Bacteriol 1989; 171:5165-5168. 
1  2 7  
7. Davidson MK, Ross SE, Lindsey JR, et al. Colony opacity, hemadsorption, hemolysis 
and mitogenicity are not associated with virulence of Mycoplasma pulmonis. Infect 
Immun 1988; 56:2169-2173. 
8. Davidson MK, Lindsey JR, Parker RF, et al. Differences in virulence for mice 
among strains of Mvcoplasma pulmonis. Infect Immun 1988; 56:2156-2162. 
9. Gois M, Kuksa F, Franz J, et al. The antigenic differentiation of seven strains of 
Mvcoplasma hyorhinis by growth-inhibition, metabolism-inhibition, latex-
agglutination, and polyacrylamide-gel-electrophoresis tests. J Med Microbiol 
1974; 7:105-115. 
10. Mew AJ, lonas G, Clarke JK, el al. Comparison of Mycoplasma ovipneumoniae 
isolates using bacterial restriction endonuclease DNA analysis and SDS-PAGE. Vet 
Microbiol 1985; 10:541-548. 
11. Thirkell D, Spooner RK, Jones GE, et al. Polypeptide and antigenic variability 
among strains of Mvcoplasma ovipneumoniae demonstrated by SDS-PAGE and 
immunoblotting. Vet Microbiol 1990; 21:241-254. 
12. Ro LH, and Ross RF. Comparison of Mvcoplasma hyopneumoniae strains by 
serologic methods. Am J Vet. Res 1983; 44:2087-2094. 
1  2 8  
13. Wise KS, and Kim MF. Major membrane surface proteins of Mycoplasma 
hyopneumoniae selectively modified by covalently bound lipid. J Bacterid 1987; 
169:5546-5555. 
14. Ziel inski  GC, and Ross RF. Morphology and hydrophobici ty of  the cel l  surface of 
Mycoplasma hyopneumoniae. Am J Vet Res 1991; accepted for publication. 
15. Tul ly JG. Cloning and f i l t rat ion techniques for Mycoplasmas, in Razin S, Tul ly JG. 
Methods in Mycopiasmology. Vol 1. Academic Press. 1983; 173-177. 
16. Ziel inski  GC, and Ross RF. Effect of  growth in cel l  cul tures and strain on virulence 
of Mycoplasma hyopneumoniae for swine. Am J Vet Res 1990; 51:344-348. 
17. Amanfu W, Weng CN, Ross RF, et al .  Diagnosis of mycoplasmal pneumonia of swine: 
sequential study by direct immunofluorescence. Am J Vet Res 1984; 45:1349-
1352. 
18. Young TF, and Ross RF. Assessment of ant ibody response of swine infected with 
Mycoplasma hyopneumoniae by immunoblotting. Am J Vet Res 1987; 48:651-
656. 
1 9 .  Kotani H, and McGarrity GJ. Identification of Mycoplasma colonies by 
immunobinding. J Clin Micro 1986; 23:783-785. 
1 2 9  
GENERAL DISCUSSION 
Although we based our work on the swine pathogen Mycoplasma hvopneumoniae. a 
brief commentary on the history of research on adherence in other Mycoplasmas provides 
an appropriate framework for discussion of the first part of our work. During the decade 
of 1975 to 1985 a fair amount of work on adherence of Mycoplasma pneumoniae to host 
tissues was reported. Work done by Hu et al. (33), and Feldner et al. (34) culminated 
with the description of the major adhesin of this organism, the P1 protein, located mainly 
on the tip-organelle. I_ater, the PI protein was cloned and sequenced (36), and genes 
coding for epitopes mediating cytadherence were identified (37). However, after 15 years 
of investigation on adherence, and almost 10 years after the main adhesin was described, 
results from use of experimental vaccines utilizing the purified adhesin as immunogen are 
rare, and results have been rather discouraging. It was reported that guinea pigs 
immunized with purified PI protein developed a strong local and systemic response, but 
when challenged with M- pneumoniae, vaccinated animals developed more severe lesions 
than nonvaccinated animals (45,46). This might indicate that prevention of colonization 
by inhibition of adherence in vivo is perhaps not as simple as in vitro. 
Much less work has been reported on adherence of other mycoplasmas to host 
tissues. Adherence of M- gallisepticum. an organism also possessing a tip-organelle, to 
chicken respiratory tissues seems to be governed by the same type of mechanism that 
governs adherence in M- pneumoniae. On the other hand, nontip-organelle possessing 
mycoplasmas, such as M- pulmonis and M. hvopneumoniae seem to utilize a completely 
different strategy for adherence to host tissues. Both are respiratory pathogens (of mice 
and pigs, respectively) but neither possesses a specialized attachment structure or 
organelle. The composition of surface antigens of M- pulmonis has been reported in 
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successive papers by researchers from the University of Alabama at Birmingham 
(94,95,96,97). However, no information was presented nor was speculation presented 
on the composition of surface antigens having a putative role as adhesins. To our 
knowledge, only Minion et al. (72) defined a hypothetical model of adherence in vivo for M-
pulmonis. They suggested that adherence consisted of a multiphasic (hydrophobic and 
lectin-like) type of interaction of the organism to erythrocytes that could eventually be 
applied to target ceils. 
Concerning M- hvopneumoniae. our efforts were originally focused on development 
of a reliable in vitro adherence model, which could be utilized to determine the nature of 
the adherence process. The goal, following strategies used earlier with M- pneumoniae. 
was to uncover the adhesion moieties of the mycoplasmal surface. The ultimate goal was to 
purify and test those moieties as candidates for protective immunogens. We adapted a 
model for adherence of M- bovoculi to cell monolayers (Rosenbusch RF.; personal 
communication, 1986). Mycoplasma hvopneumoniae attached in good proportion to the 
cells used (PK 15), but attachment was not inhibited by specific antibodies against the 
organism (59). During this work, it was observed that M- hyopneumoniae was able to 
adhere to the polystyrene walls of the tissue culture plates (data not published). Since PK 
15 were not the target host ceils of M- hyopneumoniae. attempts were made to culture the 
organisms in Friis mycoplasma broth within perfusion chambers (109) that contained a 
section of trachea from newborn piglets approximately 2 cm in length (Zielinski, G. C.; 
unpublished, 1990). The cilia kept beating throughout the 6 days of incubation and the 
organisms grew to a concentration of 10^ CCU/ml, but we could never demonstrate 
colonization of mucosal surfaces using immunofluorescence and electron microscopy. 
Therefore, this model was also discarded as a tool for studying adherence. Subsequently, 
we used suspensions of swine tracheal mucosal cells as a target for mycoplasmal 
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adherence, a model inspired by the work of Tuomanen and Hendley (7). We were able to 
observe M- hyopneumoniae attaching to tracheal cells of swine, but not to tracheal cells 
from other animal species such as sheep, rabbit, or guinea pig. The organisms were 
located mainly on the ciliated tuft of the porcine ciliated respiratory cells. This is, 
perhaps, the most important finding of our work, because it denotes the existence of a 
specific affinity between the organisms and the ciliary membrane of swine cells. These 
affinity forces might be lectin-like between surface molecules of the mycoplasmas and 
specific receptors on respiratory cells, and would be potentially inhibitable by specific 
antibodies. If so, the attachment process would be similar to the adherence of M. 
pneumoniae and Bordetella pertussis to the respiratory mucosa of humans. It must be 
different, though, because sera and lung lavage fluids containing high titers of specific 
anti-M. hvopneumoniae IgG and IgA, respectively, were unable to inhibit attachment of the 
organisms to target cells, whereas adherence of M- pneumoniae (33,34) and E. pertussis 
(51 ) was blocked by specific immunoglobulins. We can propose several hypotheses for 
this failure. The mycoplasmal adhesins may not be immunogenic, it was reported for 
Neisseria çonorroheae. for example, that a genetically variable portion of a surface 
protein responsible for adherence was hydrophobic and immunoreccessive. Consequently, 
antibodies against this domain were not formed and the antibodies elicited by the rest of 
this protein were unable to prevent attachment to host tissues (98). A second possibility 
is that antibodies against surface antigens do not effectively coat the mycoplasmal surface; 
as a consequence, adhesins are not blocked. We attempted to verify whether specific IgG 
antibodies against M- hyopneumoniae coated the surface of the organisms after incubation of 
M. hvopneumoniae with convalescent serum. For this, we stained smears of ciliated cells-
convalescent serum treated mycoplasma mixtures with FITC-conjugated rabbit antibodies 
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against swine IgG. We did not observe a positive fluorescent signal resembling 
mycoplasmal fluorescence. This failure seemed to support this possibility. A third 
possibility is that the process of adherence is multiphasic. It has been speculated that 
adherence of M- pulmonis to erythrocytes is multiphasic (72). An early phase would be 
governed by nonspecific hydrophobic forces between mycoplasmal ligands and cell 
receptors. Once the initial contact was made, repulsive forces could initiate molecular 
rearrangements of the target surface that would uncover cryptic sites. A late phase might 
be dominated by specific mycoplasmal surface proteins recognizing the binding sites and 
the mycoplasmal and target membranes could become firmly attached. This model is 
consistent with our findings in that interactions of M- hvopneumoniae with tracheal cells 
also seemed to be dominated by nonspecific hydrophobic and specific lectin-like events. 
Attachment of the organisms to plastic walls of cell culture plates (data not shown), 
growth of the organisms attached to cover slips (74), or salt-, temperature-, or 
tetramethylurea- sensitivity of the attachment process demonstrated in our work, 
represent the hydrophobic phase of attachment. On the other hand, specific location of the 
organisms on the ciliary membrane of ciliated cells is indicative of the lectin-like 
(specific) interactions in the attachment process. Perhaps, anti-adhesin antibodies are 
not effective in blocking hydrophobic moieties responsible for hydrophobic adherence, so 
that this process can still be carried out, at least in vitro. This model is consistent with 
findings by Young et al. (110). They reported that M- hyopneumoniae was able to 
hemagglutinate turkey red blood cells only after modifying the mycoplasmal cell surface by 
freezing and thawing of the organisms, heating at 50 C, or treatment with trypsin. 
Treatment of erythrocytes with trypsin or neuraminidase also enhanced hemagglutination. 
Hemagglutination was inhibited by convalescent porcine serum and monoclonal antibodies 
against M. hvopneumoniae antigens of MW 64,000-D and 41,000-D. The important 
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conclusion is that both attaching surfaces had to be modified (possibly by removing 
hydrophobic moieties) before a specific, lectin-like agglutination process could be carried 
out. Another possible reason for the failure is that M- hyopneumoniae binds 
immunoglobulins nonimmunologically. Recently, it has been reported that some strains of 
M- hominis and M- arginini contain a polypeptide which binds immunoglobulins 
nonimmunologically (111). If this is also true for M. hyopneumoniae. anti-adhesin 
antibodies binding this polypeptide would be ineffective in blocking mycoplasmal adhesins. 
We do not believe that this is the case for M- hvopneumoniae because the organism binds 
antisera specifically (for example: in complement fixation test, or in the direct 
immunofluorescence test) without cross-reacting with sera against other bacterial 
species, such as would be the case if the last hypothesis was true. Although evidence is not 
conclusive for any or the four hypotheses presented, attachment of M- hvopneumoniae does 
not seem to be a process governed by a single event, or having a single major adhesin, but a 
complex process involving the interaction of several mycoplasmal surface components. 
If hydrophobic interactions have a role in adherence, then M- hvopneumoniae must 
have an overall hydrophobic surface or at least, hydrophobic surface domains that interact 
with hydrophobic targets. Work done on determination of hydrophobicity of the organism's 
surface established that, indeed, this surface was weakly hydrophobic when compared to 
the highly hydrophobic surface of Staphylococcus aureus strain Cowan I. Apparently, 
hydrophobicity derives from the proteinaceous mycoplasmal glycocalyx, since tryptic 
digestion reduced hydrophobicity as measured by hydrophobic interaction chromatography. 
However, electron microscopy of M- hvopneumoniae labeled with cationic ferritin indicated 
that the glycocalyx of the organism appears also to be composed of polysaccharides, tecated 
on the outer layer. The role of these polysaccharides and proteins in modulation of 
hydrophobic interactions and, possibly, adherence, must be further evaluated. 
1 3 4  
Hydrophobicity of Candida albicans was found to be dependent on degree of glycosylation of 
surface proteins; the more glycosylated the protein, the less hydrophobic the 
organisms. Glycosylation was dependent on the growth phase of the culture. Cultures in 
the log phase were hydrophobic, while cultures in the stationary phase were hydrophilic 
(70). Studies on effect of stage of growth on variation of M. hvopneumoniae 
hydrophobicity were not carried out. It is conceivable that in early phases of growth the 
organisms are more hydrophobic than in late phases, thus favoring hydrophobic 
interactions and, hence, attachment. We can speculate that the growth phase of M-
hyopneumoniae cultures influences infectivity for swine. Infectivity could depend on a 
relatively large number of variables and hydrophobicity might be an important one to 
consider. 
Pathogenic mechanisms in M- hvopneumoniae disease are not well elucidated. In 
efforts to better understand virulence factors we evaluated the pathogenicity for pigs of 
two different passage levels of one strain of M- hyopneumoniae (strain 232 FA1) that had 
been filter-cloned. While the lower passage level culture was still virulent, the higher 
passage level culture apparently had diminished virulence, although the organisms were 
still able to colonize the lungs. This suggests that attachment of the mycoplasma is not the 
only factor in ability to cause pneumonia. These results might refute thé hypothesis 
proposing that the mere exploitation of host cell nutrients by the mycoplasmas in close 
proximity (adhering) to host tissues may cause disease. Additional virulence factors might 
be needed, for example, mitogenic activity, production of a cytotoxin, or an antiphagocytic 
factor. Mitogenicity of M- hyopneumoniae membranes was demonstrated by IVIessier (19). 
However, no comparison between mitogenic activity of membranes from pathogenic and 
nonpathogenic strains was done, so that the relative importance of M- hvopneumoniae's 
mitogenic activity in development of disease is still unknown. Nonpathogenic as well as 
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pathogenic strains of M. pulmonis were found to be mitogenic (101). Production of a 
peroxide by the organisms was also demonstrated (13). However, no differences were 
detected in production of this radical by pathogenic and nonpathogenic strains. Mycoplasma 
hyopneumoniae has been recently reported to possess a surface superoxide dismutase 
(112); however, its importance as a virulence factor is also questionable, since the strain 
of the organism used for this investigation (strain J) is nonpathogenic. We could not 
demonstrate differences in protein expression, as measured by SDS-PAGE, between two 
different passage levels (p27 and p76) of M- hvopneumoniae strain 232 clone FA1. In 
addition, we were unable to detect evidence of phenotypic switching using a limited 
repertoire of IVlab in immunobloting or in colony immunobinding. Tajima and Yagihashi 
(113) reported that M. hvopneumoniae had a thicker capsule when grown in vivo than in 
vitro, and correlated presence of capsule with increased virulence and attachment to host 
cells. It was also reported that M- dispar produced a thicker capsule when cocultured with 
bovine lung fibroblasts (114). On the other hand, we could not demonstrate increased 
production of capsule in M- hvopneumoniae by cocuituring the organism with lung 
fibroblasts (Zielinski, G. C.: unpublished observations, 1986). Undoubtely, 
pathogenicity of M- hvopneumoniae is a complex process that involves several factors with 
multiple effects on the host. Organisms that are able to cause disease in pigs are 
undoubtely phenotypically different from the more highly passaged laboratory adapted 
strains. Perhaps, host components induce mycoplasmal expression of factors such as heat 
shock proteins, or siderophores, or other novel mycoplasmal factors of potential 
importance that are not produced in vitro and, therefore, are not detected by the techniques 
currently in use. 
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Mycoplasma hyopneumoniae pathogenicity offers an exceptionally challenging 
subject of study and numbers of questions remain to be answered. Recombinant DNA 
techniques for synthesis and purification of proteins as well as for genetic analysis, might 
be useful for elucidating mechanisms utilized by M- hyopneumoniae for induction of 
pneumonia. 
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